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CHAPTER 1.

ALTERNATING CURRENT SIGNALING.
History and Advantages.

The modern era in railway signaling may fairly be said to
date from 1903, when twelve years ago alternating current was
first used in track circuit control for automatic blocks. Later,
signal motors and holding clear devices were redesigned to
work on a. c., and thus a system completely free from batter-
ies and foreign current influences became available. Rapid
and substantial progress has been made since then, and today
practically all new large automatic block installations are
made on the alternating current basis. Indeed the a. c. idea
has invaded the power interlocking field and several plants,
wherein all functions, track and tower, are operated by alter-
nating current, have been in successful service for some time.

The application ~f alternating currents to railway signaling
has been a success trom the very first. The mostimportant
reason for this is tha* the basic idea is a good one to
start with; it is founded on the well established sound eco-
nomic principles of modern power transmission. Back of this,
however, is the fact that an immense amount of preparatory
work has been done before new apparatus has been placed on
the market; exhaustive experiments carried out by some of
the strongest men in the signal field have preceded the appear-
ance of new devices in almost every instance. The manufac-
turing companies have come through many trying and expen-
sive experiences. In the great majority of cases, large sums
of money have been expended in the design and development
of alternating current relays, transformers, signals, etc. Asa
result of this careful preliminary work, alternating current
signaling has had no set backs. It is not an experiment. It
has had a gradual and well deserved rise and is here to stay.

The literature of this important subject is still very scanty.
Most of that which has been written is historical or descrip-
tive, and is not likely to be of a great deal of use to the signal
engineer or supervisor who wants rock-bottom facts. A com-
prehension of the theory of the system must be acquired before
an intelligent report or estimate can be prepared. Further-
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more, maintainers, familiar with direct current apparatus only,
are quite certain to be pretty much at sea at first when called
upon to care for an alternating current installation. It is the
purpose of this book to cover in as thorough and yet simgle
a manner as possible the field of alternating current signaling
as applied both to steam and electric railroads.

HISTORICAL SKETCH.

I. Attempt touse SimpleD.C. Track Relay on Electric
Roads. Itisa peculiar fact that, although to-day, for reasons
involving economy and dependability, the steam roads are
making the most extensive application of alternating current
signaling, the invention of the alternating current track cir-
cuit, which started the ball rolling, was first taken advantage
of by roads using direct current propulsion, and the original
installations were made on electrified lines. The idea, how-
ever, did not spring into existence Minerva-like at the first
call; it was the result of a gradual evolution from the imper-
fect to the ideal.

The direct current track circuit, credit for whose invention
in 1872 is now generally conceded to William Robinson, of
Brooklyn, N. Y., came into extensive use in the middle nine-
ties and had reached a high state of development in 1900 when
it first became necessary to signal the elevated electric roads
whose operating conditions, as regards speed, frequency of
service, and weight of rolling stock, were in many ways com-
parable to those of steam roads. In view of the success of
direct current track circuits on steam roads, it was only natural
that an attempt should be made to apply them to the roads
using electric propulsion. Right here some snags were struck.

As everyone knows, the running rails of electric roads are
used as a return for the propulsion current. The automatic
block signaling idea, however, involves a division of the track
into sections each electrically insulated from the other, so
that one of the running rails had to be given up for signaling
purposes to act as a “‘block’’ rail, not a part of the propulsion
current return. In the case of the elevated roads, this was not
a serious matter as the elevated structure itself constituted a
propulsion return of many times the conductivity of the run-
ning rails. On the other hand, the sacrifice of one of the rails
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on subway and surface lines was a serious handicap, as it
doubled the resistance of the return.

|+ ,~THIRD RAIL OR TROLLEY WIRE
= A _RETURN RAIL B i e
i I

B ~SBLOCK RAIL *

Rz] 4»] E
TLI D
—

Fig. 1—D.C. Track Circuit Applied to an Electric Road

The difficulties encountered in the application of the direct
current track circuit to electric roads will be understood from
a study of Fig. 1, where T represents the usual D. C. track
relay connected to the rails with a limiting resistance R in
series and fed from a track battery D. The main generator
for supplying power for propulsion purposes is shown at G.
Suppose, now, that a train at B has proceeded 1000 feet in the
block, and that the propulsion current in the return rail flow-
ing towards the negative side of the generator is 200 amperes;
if the resistance of the return rail (100 lbs. per yard bonded to
capacity) is 0.0088 ohms per 1000 feet, there will be a differ-
ence of potential of 0.0088 x 200 = 1.76 volts between A and
B. A moment’s reflection will make it evident that +ais differ-
ence of potential is transmitted directly to track terminals A
and C of the relay T, because the resistance of the car axles
and the block rail between C and B is negligible; in other
words, the axles and the block rail form a low resistance con-
nection between points C and B so that there is a difference of
potential of 1.76 volts between A and C. If, say, a 16 ohm
track relay, picking up at 0.5 volts were alone used, the signal
would be clear with a train in the block due to the relay being
picked up by the drop in the propulsion rail. To eliminate
this difficulty, series resistance R is inserted in the relay cir-
cuit to reduce the maximum propulsion drop across the relay
coil terminals to a figure well below the pick-up point—say 50
per cent. to allow a safe margin. For example, if the maxi-
mum propulsion drop across the rails opposite the relay is 1.76
volts during rush hours when all trains are running, and it is
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to be reduced to 0.25 volts across the terminals of a 16 ohm
relay, a resistance R of ——x(ljoé 2(;'25) 16 = 96.6 ohms, must
be used; of course, the same relay wound to a high resistance
might be used instead with no external resistance, but the use
of the external resistance would be advisable because of the
possibility of adjustment in case of an increase in the propul-
sion drop resulting from heavier traffic.

With an accurate knowledge of the maximum propulsion
drop and adequate provision in the way of resistance to pre-
vent the track relay being falsely energized, a system con-
structed on the above lines would be satisfactory provided
the bonding of the return rail is well maintained. It will be
seen, however, that a defective bond in the return would cause
a rise in the return resistance with a corresponding increase in
the propulsion drop across the relay; with a broken bond, this
increase might actually cause the relay to pick up with a train
in the block. Serious results might also occur in the event of
imperfect contact between the return rail and the car wheels,
for then the block rail would be in the direct path of the re-
turn. This would subject the track relay to practically full
propulsion potential with obvious results.

2. Special Polarized D. C. Track Relay Designed for
Boston Elevated. The limitations of such a system were,
therefore, considerable. It was felt that some better plan was
required, and the first step in this direction was the polariza-
tion of the track relay against the effect of propulsion drop.
The first installation involving this safety feature was made
on the Boston Elevated in 1901. This practically marks the
beginning of automatic signaling on electrified roads. Track
circuits for about 175 one-arm semaphore signals were put in,
the signals themselves being electro-pneumatic. Owing to
the great capacity of the elevated structure as a return con-
ductor, only a small fraction of the propulsion current flowed
through the return rail. This, together with the fact that fre-
quent train service of the elevated rendered short block sec-
tions imperative, resulted in a comparatively small propulsion
drop per track circuit, normally well below the pick-up point
of the relay.

The Boston Elevated track circuit is covered by Fig. 2,

¥7
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4
where it will be noted that the positive side of the power gen-
erator G at the right of the diagram is connected to the third
rail and the negative side to the return rail and the structure
as usual, whereas the positive side of the signal generator L is
connected to the return rail, and the negative side to the slgnal
main feeding the track circuits through a resistance.

- SIGNAL MAIN

E'U'

.~BLOCK RAIL s
» o

_~RETURN RAIL e

Fig. 2—Boston Elevated Track Circuit

The polarized track relay shown at the right in Fig. 2 con-
sists of a horse shoe electro-magnet energized by two coils SS
just as in the case of the well known direct current track relay
used in modern steam road service. The armature at the bot-
tom of this magnet is pivoted at its right hand end, so that
when coils SS are energized from the track this neutral arma-
ture lifts the vertical rod at the left of the coils and actuates
the horizontal contact bar at the top of the relay. This con-
tact bar, made of a flexible metal strip provided with a carbon
contact block at either end, is carried by, but insulated from
the polarized magnet P pivoted at the top of the horse shoe
magnet and swinging between its coils. ,When the block is
clear, as shown in Fig. 2, magnets SS are energized, and the
neutral armature lifts the vertical rod at its left end, so that
the left hand contact on the horizontal contact bar is made,
thus energizing the swinging polar magnet P from the signal
main.

It will be seen that the horizontal contact bar at the top of
the relay is under the joint control of the neutral and polar
armatures, so that, if coils SS are energized by current flowing
in the proper direction, the lower pole of P will be attracted to

_/
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(3]

the right; then the contact on the right of the horizontal bar
will be made to close the signal control circuit. Coils SS and
P are connected so that when no train is in the block, current
will flow from the positive side of the signal generator, from
left to right along the return rail and through coils SS to
swing magnet P to the right to close the signal circuit; on
the other hand it is to be noted that with the 500 volt main
power generator located and connected as shown, propulsion
drop in the return rail will tend to send a current across the
car axles and from left to right along the block rail, to track
coils SS of the relay in opposition to the signaling current.

Thus, whereas the signaling current is of such polarity as to
excite coils SS so as to swing magnet P-to the right to close the
signal circuit, the propulsion current flows in the opposite di-
rection so as to reverse the polarity of coils SS and thus swing
magnet P to the left to open the signal circuit and throw the
semaphore to danger. Ordinarily, the propulsion drop in the
return rail on the Boston Elevated was too small to cause the
relay to thus open and delay traffic; in case of sudden unex-
pected increases in the propulsion drop, however, due to rush
hour traffic, poor bonding of the return, or to a poor contact
between the car wheels and the return rail, the polarized fea-
ture became effective to prevent the signal giving a false
clear indication.

3. Limitations of Boston Elevated Polarized Relay.

Certainly the Boston Elevated track circuit as above de-
scribed was of undoubted merit and the best in the field at
the time it was installed. It was later found, however, that
its advantages were somewhat limited because the direction
of the propulsion drop was not always constant, due to shift-
ing of the load between the three power houses along the
right of way. Sometimes most of the return current would
flow towards one power house and then again in the opposite
direction to another power house, depending on the location
and density of trafhic at that particular time. For this reason
a relay was later placed at each end of the track section in
many cases so that at least one relay would be always shunted
with a train in the block, the signal control circuit, of course,
being broken through ‘the contacts of both relays in series.
While, naturally, this precaution tended to'lessen greatly the
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possibility of false indications, absolute safety is secured only
through a rigid maintenance of the bonding of the return,
Therefore, whereas a system of this type, well installed and
maintained, possesses points of merit, it is not ideal in that
it is not free from the interference of propulsion drop, the
block must be comparatively short if this propulsion drop is
to be kept down, and one rail has to be given up for signaling
purposes; this latter may be a serious matter in the case of
surface lines and subways where there is no structure to serve
as a return. However, the Boston Elevated signal system
has given perfect service for almost fifteen years now; not a
little of the credit for this is due to excellent maintenance en-
forced by a very able and energetic signal department.

4. Invention of the A. C. Track Circuit. A consid-
eration of the foregoing discussion will make it evident that
the successful solution of the track circuit problem on electri-
fied roads yet remained to be found. A brand new idea was
wanted—some means of rendering the track circuit absolutely
immune to the effects of propulsion current. It remained for
Mr. J. B. Struble, an engineer in the employ of the Union
Switch & Signal Company, to solve the difficulty once for all.
He had been prominent in the Boston Elevated development,
but had previously conceived the simple yet rare idea of a
true selective relay—one designed to respond to an alternating
signaling current, but to be absolutely free from the possibility
of closing its contacts no matter how much direct current
passed through its energizing coils. This involved a motor
device, the so-called Vane Relay, working on the induction
principle, which will be fully described in Chapter IV.

The first extensive trial of Mr. Struble’s invention was made
in 1903 between Sausalito and San Anselmo, on the North
Shore Railroad in California. The situation was in a way
novel in that the road was originally built for narrow gauge
steam service; later, a standard gauge electric service was
added over the same permanent way through the addition of
another rail. The rail common to both gauges was used as
a block rail, so that the remaining two rails constituted a re-
turn for the propulsion current—500 volts D. C. Thus, trains
of either gauge would operate the signals. The system con-
sisted of thirty style “B’’ motor signals, covering ten miles of



14 ALTERNATING CURRENT SIGNALING.

double track, operated by storage batteries through an alter-
nating current track circuit control.

The track circuit conductor system employed was, there-
fore, much like that of the Boston Elevated previously de-
scribed, excepting for the presence of two return rails. To
feed the track circuits, two wires carrying alternating current
at 2300 volts, 60 cycles, were strung on a pole line along the
right of way and a step-down transformer located at the exit
end of each track circuit supplied current at a low voltage to
the track for the operation
of the selective alternating
current track relay, control-
ling the signal at the en-
trance of the block. Some
of the track circuits were
about a mile long, and, a
copious rains are frequent
in that district during the
wet season, the system was
given a severe test. The
ballast was cf gravel and
well removed from contact
with the rails. Under the
worst conditions the relays
operated with a margin of
from 30 to 40 per cent.
above the failing point.
The system was a success
in every way.

Fig.3. Track Circuit Apparatus,
: New York Subway

5. A. C. Track Circuits Installed on New York Sub-
way. About this time the question of signaling the New
York Subway came up for settlement. There were about 70
track miles, two, three and four track, to be signaled, the pro-
pulsion system being 500 volts D. C. The traffic on thislineis
undoubtedly the heaviest in America; for example, 2,088 trains
pass Ninety-Sixth street every 24 hours,. these trains consist-
ing of 10 cars during the morning and evening rush. It was
decided to install electro-pneumatic signals controlled by A. C.
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track circuits. The system comprises some 500 track circuits,
700 signals, and 40 electro-pneumatic interlockings, and is one
of the three or four greatest installations in the country.
Single rail track circuits, similar to those of the North Shore
were installed with Vane type A. C. track relays fed along the
rails from transformers located at the leaving end of each
block and stepping down from the 550 volt, 60 cycle, signal
mains to [0 volts for the track. Fig. 3 shows one of the in-

Fig.4. Signaling on the Hudson and Manhattan R. R. Under the H.dson
River, New York

strument cases suspended on a column near a signal. The
transformer feeding signaling current to the track is shown at
the top of the column. Just below it in the instrument case
will be seen two resistance grids, one of which is placed in the
track leads of the transformer and the other in the track leads
of the A. C. track relay immediately below the grids. *These
grids prevent excessive heating of the transformer and relay
due to the flow of propulsion current resulting from direct cur-
rent drop in the return rail. The relay is still further protected

A 1 B, o P+ (o A e R A SO S
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by an impedance coil shown at the bottom of the instrument
case; this coil shunts out direct current from the relay, as will
be explained in Chapter V.

Because of the density of traffic, the blocks had to be made
as short as consistent with safety; the average block length is
about 820 feet, this distance being one and one-half times the
full speed braking distance. Altogether the conditions were
extraordinarily severe, but the signal system has met the re-
quirements magnificently, having a record of one failure of
apparatus to 3,359,167 movements. The line carries over
1,000,000 passengers a day and never has a passenger been

Fig.5. An Example of Signaling on a Heavy Electric Trunk Line.
Manhattan Division, Pennsylvania Railroad

killed through any fault of the signal system; as a matter fact
only one passenger has been killed in the entire history of the
road and this was due to panic in a train resulting from a blow

. out in a high tension power cable. This remarkable perform-
ance has made the New York Subway system one of the
classics of the signal world.

6. Invention of the Impedance Bond. Other installa-
tions of single rail track circuits, notably that of the Phila-
delphia Rapid Transit in 1907, were made, but the fact that
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ane of the propulsion rails had to be given up for signaling was
a serious limitation on surface roads where the large conduc-
tivity of a structure was absent. This objection was finally
removed, through the invention of a practical balanced im-
pedance bond and its application to the so-called double rail
track circuit by Mr. L. H. Thullen, then Electrical Engineer
of the Union Switch & Signal Company; Messrs. Young and
Townsend, of the General Railway Signal Company (then the
Taylor Signal Company), were also connected with this de-
velopment. Mr. Thullen’s scheme included the use of an

Fig.6. A Corner of the Great Pennsylvania Terminal, New York City

A. C. track relay fed from a transformer over the rails as usual;
but the track circuit was completely isolated, insulationjoints
being placed at the ends of the block in both running rails.
The novel feature of the invention was that the passage
of the return propulsion current back to the power house
was provided for by the use of balanced impedance bonds con-
nected across the rails at the ends of the blocks; these bonds
offer impedance to the passage of the alternating signaling
current, but they are provided with a heavy copper winding,
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\

connected so as to offer negligible resistance to the flow of the
direct propulsion current from track circuit to track circuit.

The first installation of double rail track circuits with im-
pedance bonds was made on the lines of the Boston Elevated,
where, in 1904-5, about fourteen track circuits of this type
were put in on the East Boston Tunnel under the Boston Har-
bor. On the basis of the satisfactory results there obtained, a
much larger system was installed on the electrified lines of the
Long Island Railroad in 1906, where 140 track circuits were
used on19 miles of double track, and 4.5 miles of four-track road,
the propulsion being 500 volts D. C. with 1100 amperes return
current per rail. The Long Island job was followed by an

even larger one in
the same year on
the West Jersey &
Seashore Railroad,
where 120 block sec-
tions, of an average
lenzth of 4000 feet,
were installed on
_tnirty miles of
double track be-
tween Camden and
Newfield, N. J., on
the way to Atlantic
City. This propul-
sion system was the
same as that of the
Long Island, only the return current amounted to 1750 am-
peres per rail. Very important track circuit systems of the
same type have been installed on the Hudson & Manhattan
(1909) in the New York Central Electric Zone and the Grand
Central Terminal, New York. (1906-1910), at the Great
Pennsylvania Terminal, New York (1910—See Figure 6), and
later on the electrified lines of the Southern Pacific in the San
Francisco district, where extensive developments, which would
surprise the Easterner, have been made. Many other large
systems, too numerous to mention, have since been installed
The double rail track circuit with impedance bonds is now the
standard for long track circuits on electric roads.

Fig. 7. Southern Pacific Electric Zone, Alameda
Mole, San Francisco District
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7. Where Frequency Relays Were First Used. All the
above roads were characterized by D. C. propulsion, but in
1906 when certain portions of the New York, New Haven &
Hartford were electrified for 11,000 volt, 25 cycle A. C. pro-
pulsion, it became necessary to devise a track relay which
would not respond to either D. C. or 25 cycle A. C. propul-
sion current; foreign direct current had to be guarded against
because of the proximity of D. C. propulsion roads. The dif-
ficulty was successfully met by the invention of what is known

Fig. 8. Signaling on an A. C. Propulsion Road,
New York, Westchester & Boston R. R.

as the frequency relay, in this case an A. C. track relay which
will not respond to the low frequency 25 cycle propulsion cur-
rent, but will work on a higher frequency, say 60 cycle, signal-
ing current; the selective principle is thus again utilized.
Messrs. Howard and Taylor, of the Union Switch & Signal
Company, are to be credited with the invention of successful
relays of this type. The New Haven installation embodied
_ the use of frequency relays on double rail track circuits with
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impedance bonds, which latter still maintain the continuity of
the propulsion return while choking back the flow of signaling
current, as explained in Chapter V. The rapid extension of
A. C. propulsion on the New Haven has brought this system
into great prominence. The New Haven is remarkakly pro-
gressive in an engineering way and is now operating both
passenger and freight trains electrically on its four and six
track main line between New York and New Haven, a dis-
tance of 75 miles.

Other extensive installations on roads using A. C. propul-
sion have since been made on the New York, Westchester and
Boston (1911). a heavy suburban road, running north from
New York to White Plains and east to New Rochelle; in 1915
on the main
line of thke
Pennsylvania
Railroad, run-
ning west from
Broad Street
Station, Phila-
delphia, to
Paoli, where
all suburban
traffic is hand-
led by multiple
unit a.c. trains;

Fig. 9. Style “B’ Signals on the St. Paul and also in

1915, on the

Norfolk and Western, where a long stretch of the main line

in the West Virginia mountain district has been electrified
to handle heavy coal trains.

8. Steam Roads Adopt the A.C. System. Theuniversal
success of A. C. signaling on electric roads, together with ad-
vantages in the way of safety and economy, brought about the
adoption of the same system on steam roads. - The first in-
stallation of this kind was made on the Union Pacific Railroad
near Council Bluffs, Ia., in 1906, where 16 track circuits were
putin. This was shortly after followed by a number of small
installations on the Pennsylvania Railroad, where foreign cur-
rent interfered with the proper operation of D. C. track cir-
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cuits. The Pennsylvania later adopted A. C. signaling as a
standard for all new blocking, and now, with the exception of
certain relatively short stretches, the entire main line between
New York, Philadelphia, Baltimore, Washington and Pitts-
burgh is protected by a. c. automatic block signals. Other great
roads, particularly the Santa Fe, the Chicago, Milwaukee &
St. Paul, the Norfolk and Western and the Southern Pacific,
have made important installations; the St. Paul alone has
equipped 1000 track miles of the main line with alternating
current signals.

9, Signaling Begins on the Interurban Electric Roads.
The latest developments in the alternating current signaling
field have been._
made on the
high speed
electric inter-
urban roads, :
where the ser- | ‘ : .

e

N NN/ NN N

vice is in many
ways similar to
that of steam
roads, es-
pecially as re-
gards speed,
frequency o f
service, and
weight of rol- Fig. 10. T-2 Signals on P. R. R.

ling stock.

Much special apparatus, and many novel control schemes
have had to be devised to meet the requirements of single
track operation characterizing most of the trolley roads.
Fig. 12 illustrates an interurban car on the Indianapolis,
Columbus, & Southern waiting on a stub siding for an
opposing car to pass on the main, the semaphore signals
being cleared for a movement in either direction. The first
of a large number of extensive signal installations on the
interurban roads was made on the Illinois Traction System in
1910, 100 miles of single track being signaled. Automatic
electric block. signals controlled by continuous a. c. track cir-
cuits are now considered the standard for the protection of
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high speed interurban roads, trolley contacts and similar de-
vices not being entirely dependable for speeds over 30 miles
per hour.

10. Advent of the Light Signal. Along with the new
signaling on the interurban roads has come the Light Signal,
used for both day and night indication; on single track cross
country electric lines, the signal must often show up against a
forest of vertical lines constituted by the pole line and trolley
supports, so that in many cases a color indication will con-
trast better with such a background than the position indi-
cation of a semaphore blade. The ordinary three position
color light signal (Fig. 13) consists of a combination of colored

lenses varying
in diameter
from 534" to
10" illumi-
nated by in-
candescent
lamps (red for
“stop”’, yellow
for “‘caution”,
and green for
“proceed’’),
the lenses be-
ing  shielded
against sun-
Fig. 11. Style “S” Signals on the Santa Fe light by a deep
overhanging

hood. Depending on the size of the lenses and the candle
power of the lamps back of them,such signals can ordinarily
be seen from 2500'-4000' on a tangent, under favorable
weather conditions, and from 1500'-2500' at those hours of
the day when the sun shines directly on the lenses. Due to
its freedom from moving mechanical parts and general sim-
plicity, the light signal is receiving serious consideration
even by the signal engineers on the heavy trunk lines, an
initial installation of color light signals having been made
only a few months ago by the New York, New Haven &
Hartford. The latest developmentin the light signal field is
the “position” or “beam” light signal (Fig.14), consisting, in
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the case of a three position signal of three rows of uncolored
lenses with their incandescent lamps arranged in three radial
lines projecting horizontally, diagonally at 45°, and vertically
from the central point of divergence; the illumination of the
bottom, or horizontal, row of lights indicates Stop, that of
the diagonal, or 45° row Caution, and that of the vertical
row, Proceed, the control being easily effected over the
points of a three position relay. This scheme is the joing

Fig. 12. Interurban Electric Road Signaling
Indianapolis, Columbus & Southern

invention .of Mr. A. H. Rudd, Signal Engineer of the
Pennsylvania Railroad, and Dr. Wllham Churchill, of the
Corning Glass Works.

ADVANTAGES OF A. C. SIGNALING.
It will be fairly evident from a consideration of the discus-
sion at the beginning of this article that the alternating cur-

rent system is the only really satisfactory method of signaling

J"
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electric roads. What are its recommendations for steam
roads? The following summary of the advantages offered by
the alternating current system will supply the answer.

1. Safety.

(@) A. C. apparatus, working on the induction prin-
ciple, is immune to the dangerous effects of direct current.
The necessity for such immunity is imperative in the
case of track relays on electric roads using direct curresc
propulsion. Where
alternating current
propulsion is used,
the relays may be
designed torespond
cnly to a certain
frequency, much
higher than that of
the propulsion sys-
tem; in this case
the track relay is
again perfectly se-
lective. On steam

roads, fereign cur-
rent troubles have
greatly increased,
due to widespread
extension of inter-
urban trolley lines
during the past
few years. With
alternating current

Fig. 13. Color Light Signal,
Pacific Electric Ry., Cal. track relays, such
troubles disappear.

(b) Residual magnetism troubles are eliminated through
the use of alternating current apparatus working on the induc-
tion principle. This is of great importance in the case of re-
lays, holding devices, etc.

(c) Due to the fact that large amounts of elzctric energy
are available, A. C. apparatus may be designed with good
mechanical clearances and thus have a large safety factor.
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(d) Complete protection against broken down insulation
joints, which might otherwise cause false clear failures, can be
secured through the use of two element alternating current
relays.

2. Economy.

(a) The maintenance charge.on A. C. systems is much
less than that for D. C. systems. . Track and line batteries
are dispensed with and the signals are lighted by electric
Jamps fed from the signal mains; battery men and lamp

Fig. 14. Position Light Signals, P. R. R.

men are not required. In many cases' one man is main-
taining thirty miles of track and he spends his time on the
signals, not in cleaning batteries. Often he looks after one or
two small interlocking plants in the bargain.

(b) A. C. power can naturally be produced more cheaply
than D. C. power by batteries. Estimates* of the cost of

*NOTE:—See an interesting article, “The Care and Maintenance of
Storage Batteries in Signal Work,'' written by T.R. Cook, on Page 26,
Vol. V, Proceedings. R. S. A,
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power delivered by batteries vary from $5.00 per kilo-watt
hour for primary batteries to $14.71 per kilo-watt hour for
storage cells charged by graVvity batteries. The average cost
of A. C. power is about 2.5¢ per kilo-watt hour; it will vary
from 1¢ per kilo-watt hour to 10¢ perlkilo-watt hour, depending
on the location and the amount of power used.

3. Simplicity.

(a) Track circuits up to 25 .00 feet in length are being
successfully operated by alternating current. Cut sections
with their relays, housing ‘and other complications are
eliminated. Cases have occurred on /important stretches
of track, where, diue to abnormally poor ballast condi-
tions, D. C. track cireuits proved impracticable. This situ-
uation was met by the use of the A. C. system, because it was
a simple matter to supply enough power to compensate for the
track losses and work the relays. In fact the length of the
track circuit in the A: €. system is limited in most cases only
by the length of the blo¢k, that is, the permissible distance be-
tween succeeding signials, as dictated by the density of traffic.
This makes for s1mplwlty.

(b) The mere fact that there are no batteries reduces the
complication of the A, C. system; their place is taken by trans-
formers which require ng attention.

4. Dependability.

(a) The power supply for A. C. systems is contin-
uous as long as the power house and transmission
_are in commisgion; experience has shown that interrup-
tions may easily be guarded against by constructing the
transmission line in a substantial manner and by providing
duplicate generating apparatus in the power house. Direct
current systems occasionally fail because of the freezing of the
batteries in cold weather; cracks sometimes appear in the jars,
and the liquid leaks out; or perhaps local action in the cell
gradually *’kills’* it. ' Such interruptions in the current supply
throw the signal to danger and delay traffic. A. C. systems
are free from this.

(b) Practically constant voltage characterizes the A. C.
system, whereas the voltage on D. C. systems, not only falls
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gradually-as the batteries become older, but drops off sudden-
ly as they approach exhaustion. - This means that where A. C.
is used thesignals always clear in the same time, andthe track
relays never fail to pick-up due to an exhausted track battery.

(c) A comparatively high voltage (110-220) is used in A. C.
signaling for operating the signal motors. The voltage drop
in relay contacts is, therefore, insignificant; contact resistance
is of no importance. : " ;

(d) Induction motors are generally used for operating
A.C. signals. These motors have no commutators or brushes
of any kind. Commutator troubles disappear.

5. Other Advantages.

(a) Theinstallation of an A. C. system on a steam road
may be made to anticipate the future electrification of the
line and provide for it.

(b) The A. C. mains feeding the signals, track circuits,
etc., may be used to supply power along the right of way for
other purposes besides signaling—station lighting, for ex-
ample.

Many extravagant ciaims have been made for alternating
current signaling, most of which, happily, it has been able to
meet. It is only fair to state, however, that there are certain
sections of the country where the cost of power is relatively
high and where, consequently, an alternating current signal
system might not be as economical as a direct current installa-
tion with batteries; such cases are rare and are gradually dis-
appearing as the country develops and commercial power be-
comes more and more available. Furthermore, the initial
cost of an A. C. system will, in most cases, be' greater than
that of an equivalent D. C. system, but this is generally more
than compensated for by the saving in maintenance and
power, so that the alternating current system pays for itself
in a longer or shorter time, depending on local conditions, and
there is thereafter a constant saving.

»Neither ought the alternating current system be considered
as a panacea for all troubles met with in signal practice, for
A. C. relays, signals, etc., require proper maintenance, just

4_/'
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like all other types of signal apparatus. It must also be re-
membered that new principles and ideas have had to be used
in the design of A. C. apparatus, and it is only natural that new
problems, having no parallel in direct current work, have re-
sulted. Forty years have been required to bring the D.C. track
relay to its present simplicity, and time and experience are
bringing alternating current signaling to the same high state
of simplicity and perfection.
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CHAPTER 11.

FUNDAMENTAL THEQRY OF
ALTERNATING CURRENTS.

Before proceeding with the study of the design and oper-
ation of alternating current signaling apparatus, it is desirable
to possess a working knowledge of the physics and mathe-
matics of alternating currents. Unfortunately, there seems
to be a general impression that this subjeet 18 a bit too abstruse
for anyone not a mathematician or a college graduate. Nat-
urally, the designing engineer must have a thorough and de-
tailed knowledge of physics, mathemaﬁcs and electricity; in
addition, he must have a broad practical experience before his
theoretical training will be of much value, fot there are many
pitfalls not mentioned in the text boeks. Most of the funda-
mental facts, however, are within the grasp of almost every-
one, and this chapter will, therefore, be devoted to a presenta-
tion of such alternating current theory as will enable the sig-
nalman to understand the most important factors entering
into the workings of A. C. apparatus.

GENERATION AND CHARACTERISTICgﬁ OF
ALTERNATING CURRENT WAVES.

1. Simple Alternator. A generator which produces al-
ternating current is known as an alternatér. Alternators gen-
erate currents on exactly the same principle as direct current
dynamos, and in fact, the two types of machines are alike in
all important respects, with the exceptton that, wherea;lé" the
direct current machine is provided with a commutaté’,r to
maintain the direction of current constant in the externg;}:'cir-
cuit, the alternator supplies current to the .external® cir-
cuit just as it is generated without rectification of. direction.
Currents are, therefore, said to be direct or alternating in char-
acter, depending on whether they flow always in one direction
with a steady value, or whether their direction and strength
\ vary periodically.

A simple form of alternator is shown in Figure 15, where N
and S are the poles of a field magnet, which latter, in some
cases, may be a permanent magnet, as for example, in tele-
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L)
phone or automobile magnetos, but is always a large electro-
magnet, excited from some direct currentsource, in the case of
power generators; the point to be remembered is that the field

; magnet is of con~

P stant polarity.

" Rotatingon a hor-
izontal axis in the
. magnetic field
| [ S whose flux lines
N\ A B~ MAINS pass from N to S

_U\_.

N as indicated by
L R T .
the arrows, is a
Fig. 15. Simple Bi-Polar Alternator loop of wire ter-
No-Voltage Position minating in two

metallic rings, R
and T, carried on, but insulated from, the same shaft
which drives the wire loop. R and T are known as slip
rings, and brushes A and B bearing on them, conduct the
current generated in the loop away to the external circuit
to which electric power is to be delivered. It is understood
of course, that the alternator shaft carrying the wire loop is
provided with a pulley to be driven r:cm an engine or some
other source of mechanical power.

2. Voltage Generated by Simple Alternator. Itis a
fundamental fact that when a wire is forcibly moved across a
magnetic field so as to cut the lines of magnetic flux, an electro-
motive force is generated in the moving conductor. The
electro-motive force so generated is proportional to the
strength of the magnetic field and the speed at which the con-
ductor is moved; or more simply, the voltage varies with the
rate at which the lines are cut. When a conductor cuts 100,-
000,000 flux lines in one second, one volt is generated in that
conductor. Of course, when the rotating wire loop consists
of many turns, the total voltage generated in the coil is the
voltage generated in one conductor, multiplied by the number
of conductors moving in the magnetic field, for the conductors
comprising the coil may beconsidered as a number of batteries
connected in series. In the case of the 2-pole alternator
shown in Fig. 15, the voltage generated is:

2ndZ

E = 700,000,006 ot ()
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Where E is the voltage across slip rings R and T, and n is the
speed in revolutions per second at which the loop, consisting
of a total of Z conductors (such as U and L), is being moved
in a field of @ lines of magnetic force streaming from pole N
to pole S; the Greek letter @, (pronounced ‘‘phi’’) is univer-
sally used in electrical calculations to represent the total
number of flux lines constituting the magnetic field. The
factor 2 n in the above formula, representing the speed in
half revolutions per second, is introduced because it is during
a half revolution that each conductor cuts a total of @ lines.
If, therefore, the shaft of the simple alternator shown in
Fig. 15 is revolving at a constant speed of 50 revolutions
per second and there are a total of two (2) conductors (one on
either side of the loop) cutting a magnetic field of 1,000,000
flux lines, then the electromotive force generated will be two
volts. Equation (1) above serves as the basis for the design
of all generators, large and small. A

3. Shape of Generated Wave. It will now be of interest
to investigate the form of the electromotive force wave gen-
erated by an alternator such as that shown in Fig. 15, which,
by the way, may be considered as representative of commer-
cial machines, for purpose of analysis and calculation. Keep-
ingin mind the fact that the electromotive force generated at
any point in the revolution of the loop depends on the rate at
which the lines of magnetic flux are being cut, it will be seen
that when the loop is exactly vertical, as shown in Fig. 15, both
the upper conductor U and the lower one L, merely slide along
the magnetic lines for an instant without actually cutting
through them, under which circumstances, of course, no volt-
age is generated in either conductor. However, the moment
after the loop leaves the vertical position it begins to cut the
flux lines at a low rate for the first few degrees of the revolu-
tion, because the movement of the conductor is more hori-
zontal than vertical; in other words, the action is still a sliding
one, rather than a cutting action. As the loop progresses in
its revolution, the cutting action becomes more and more
marked, until the loop is horizontal, as shown in Fig. 16, when
the conductors are moving at right angles to the flux lines and
the rate of cutting is the greatest; consequently, the highest
voltage is generated when the loop is swinging through the
horizontal position. Naturally, as the conductors leave this

/_/
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horizontal position, the rate of cutting the lines falls off again
and finally, when the loop is again vertical, but up-side down,
the conductors are once more sliding along the lines and no
voltage is generated. It will thus be evident that, during
each full revolution of the loop, the generated voltage falls
to zero twice and twice reaches a maximum.

In addition to the changesin thevalue of the generated electro-
motive force, there are also changes in its direction, which
must be considered. If the loop in Figs. 15 and 16 is revolving
in the opposite
direction to
the hands of a
clock; then
conductor U
S will be cutting
MAINS  the flux lines
in a downward
direction and

Fig. 16. Simple Bi-Polar Alternator, conductor L
Full-Voltage Position will be cutting
them in an up-
ward direction during the first half of the revolution; this
action is, of course, reversed during the second-half of the
stroke, for then, after the loop has been turned upside down,
conductor U is moving upward and conductor L is moving
downward. Now, it is an experimental fact that the direc-
tion of the voltage generated in a conductor moving in a
magnetic field depends upon the direction in which the con-
ductor is moving with respect to the flux lines, and no
better way of representing the relative directions of
flux lines, ' movement of the conductor and resultant
generated voltage exists than that offered by a simple
law known as “Fleming’s Right Hand Rule,” illustrated in
Fig. 17, where the forefinger Y of the right hand indicates the
direction of the flux lines, the thumb X shows the direction in
which the conductor is moving in the magnetic field, and the
middle finger Z, bent at right angles to both thumb and fore-
finger, points in the direction in which the voltage is being
generated. Applying this rule to Figs. 15 and 16, it will be
seen that during the first half of the revolution the voltage
generated in conductor U tends to send a current from back

¥
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to front of that conductor and from front to back in conductor
L as the latter is cutting the flux lines in the opposite direc-
tion, the direction of the flux lines, of course, remaining the
same at all times as previously stated. On the other hand,
during the second half of the stroke when conductor U is mov-
ing upward, the voltage generated in U tends to send a current
from front to back, while in conductor L the opposite is the
case. Itis also worthy of note that, due to the fact that con-
ductor U and L are connected in series, the voltage gener-
ated in one of them tends to send
a current around the loop so as Y
to help the voltage generated in T
the other conductor; hence, the
voltage across slip rings R and 2N al _,X
T is double that generated in !
one conductor. To sum up,
therefore, the voltage generated

in such an alternator rises in |
one direction from zero to a Fig. 17, . Flemuing's Right
maximum, falls off again to zero, Hand Rule

then rises in the opposite direc-

tion to a maximum and falls once more to zero, once
during each revolution of the alternator shaft.

The above discussion covers only the nature of the changes
in the direction of the generated electromotive power without
reference to magnitude. The successive changes in the mag-
nitude and direction of the voltage generated during one revo-
lution of the loop shown in Fig. 15 is graphically illustrated in
Fig. 18, where the line OP, revolving counter-clockwise about
point O, represents to scale the maximum voltage generated
by the loop (the electromotive force generated when the loop
is in the horizontal position in Fig. 16), and the various angu-
lar positions of the line OP correspond to similar positions of
the loop during its revolution. It is now proposed to repre-
sent, in pictorial fashion, the rise and fall in voltage during one
revolution of the loop, and for this purpose the circle in which
point P swings is divided in twelve parts, P;, Py, P3— Py,
Then a horizontal line at the right of the circle is divided also
into twelve equal parts; the line may be drawn to any length;

_as that is merely a matter of scale. The point to be grasped
is that these horizontal positions mark the passage of time as

A
-

N\
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the loop swings through the corresponding angles.
Now, the voltage generated at any point in the revolution
of the loop is proportional to the projection of line OP at

00

Fig. 18. Sine Wave Development

that point against the vertical line AB, that is, perpendiculars
dropped from points P;, Py, Ps, etc., against AB, represent the
voltages generated in the loop at those positions; this results
from the fact that the number of lines of force being cut at
any given instant are directly proportional to the correspond-
ing projection of the swinging vector OP on the vertical axis
AB. To plot the electromotive force wave generated in the
loop as the latter swings through one complete revolution, it
is, therefore, only necessary to project points Py, Py, P3, etc.,
horizontally to the right until they meet their corresponding
time verticals. Beginning at position Pj;, which represents
the vertical position of the loop as shown in Fig. 15, no voltage
is being generated, as previously described; the time is zero,
since the loop is just on the point of starting its revolution,
and, when P is projected horizontally to the right, it coincides
with point [, indicating zero voltage at that time. As the
loop continues its revolution, the voltage increases until at P,
when the loop has turned through 90° and occupies the hori-
zontal position shown in Fig. 16, the maximum voltage is
being generated and the projection of the line O P, is equal to
the length of the line itself. Then, as the loop swings down-
ward, the voltage begins to fall off, until at point P;, when the
loop is upside down, the voltage is zero. Here the loop
begins to generate voltage in the opposite direction and the
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projection of Pg is below the horizontal line; the voltage once
more rises to its maximum and passes through the same set of
values as before, only in the opposite direction, and finally the
zero position is again reached and the loop is at the starting
position for the next revolution. When the loop is in the first
half of its revolution, it will be evident that all projections of
the line OP are above the main horizontal axis of the diagram,
and the corresponding voltage values will be considered as
positive (- ); when the loop is in the second half of its stroke,
the projections are below the horizontal axis and the voltage
values are then negative (—). Of course, the voltage passes
through the same variations in strength and direction during
the second and all succeeding revolutions.

4. The Sine Wave. For purposes.of calculation, it is
desirable to reduce the relations shown in Fig. 18 to mathe-
matical form, and an understanding of the trigonometrical
functions of right angle triangles P
will render this analysis easy.
A right angle triangle, such as
that shown in Fig. 19, is a
triangle in which one of the
angles is a right angle, i. e., one

-AP
SIN 6-82
COS B=ﬁ
TAN6=54

of 90°; the other two angles are A o

known as acute angles, and are Fig. 19. Functions of the Right
each less than a right angle. Angle Triangle

The side OP, opposite the right

angle end in Fig. 19, is known as the “hypotenuse,”” while the
other two sides PA and OA are the lezs of the triangle. The
quotient obtained by dividing the lenzth of the leg AP by
hypotenuse OP is known as the sine of angle 6 (Greek letter
“theta”). The quotient obtained by dividing leg OA by the
hypothenuse OP is known as the cosine of 6. The quotient
obtained by dividing leg AP by leg OA is known as the fangent
of 6. In right angle triangles, therefore, the fraction ob-
tained by dividing the side opposite a given angle by the
hypotenuse is the sine of that angle; the cosine of that angle:
is the fraction obtained by dividing the leg adjacent to that
angle by the hypotenuse; and the tangent is obtained by
dividing the length of the leg opposite the angle by the length
of the leg adjacent to that angle. A little study of Fig. 19

l___/_/’
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will make it plain that the sine of angle © is the cosine of
angle B, and that, vice versa, the sine of angle 3 is the cosine
qf angle 6. The sine of angle 6 is generally abbreviated to
sin ©; the cosine of the same angle to cos 6; and the tangent
to tan ©. For an angle of given size, the above values are
always constant, regardless of the size of the triangle. Tables
of sines, cosines and tangents for various angles will be found
in the latter part of this book. For example, the sine of a 30°
angle is 0.500, and the cosine is 0.866, and the tangent 0.577;
. for a 45° angle, the sine is 0.707, as is also the cosine, the tan-
gent being 1.
With the above facts in mind, and referring again to Fig. 18,
_it will be evident that, as line OP swings around from P; to Py,
an angle, say O, is covered, and that the vertical projection
P,S of line OP,, representing the voltage generated at point

P,
P, is simply equal in length to the ratio OPS x OP», which is no

£
more or less than the sine of angle 6, through which the loop
has moved from its starting position, multiplied by the maxi-
mum voltage generated when the loop is horizontal as in Fig.
16. At any other point in the revolution, the voltage gener-
ated is equal to the sine of the corresponding angle through
which the loop has moved from the starting position multiplied
by the maximum voltage generated as before. Therefore:
e=UEsin 6 @)
where e is the voltage being generated at any instant, E is the
maximum voltage and © is the angular position at the loop
at that instant.

With the generator shaft revolving at constant speed, there
is, of course, a fixed relation between time and angular posi-
tion of the loop, and, therefore, angle © is capable of further
analysis. The unit of length is the foot, and linear speed
is often given in feet per second, but, obviously, such a system
of measurement would not apply to angular speed, and, con-
sequently, angular speed is always given in radians per second
in mechanics: Taking a circle of any diameter, an angle like
a piece of pie can be cut out so that the part of the circum-
ference of the circle which the angle cuts out is just equal in
length to the radius of the circle; thatangle, called a radian, is
used as the unit of angular measurement, and is of constant
value for circles of all diameters, since the circumference
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varies directly with the diameter. As everyone knows, the
circumference of a circle is 3.1416 times the diameter; the con-
stant 3.1416 is generally represented by the Greek letter 7
(pi). Since the diameter is twice the radius, a little reflection
will show that there are 2 7 radians in a circle of 360°; a

s y 360 =
radian is consequ(_ently equal to BT T I ke 57.30°. If,

therefore, the shaft of the alternator shown in Fig. 15 is turn-
ing at a speed of n revolutions per second, its angular speed
is:

p=2rn ®)
where p is the angular speed in radians per second. After {
seconds, reckoning time for position P;, in Fig. 18, as the
starting point, the shaft will have turned through some angle,
say O, of px t radians. Hence, at any time ¢ in the revo-
lution the voltage generated will be

e = L.sin © “4)

= E sin pt

5. Definitions. The following definitions are derived
from the above discussion:

An alternating current, or electromotive force, is one which
varies continuously with time from a constant maximum value
in one direction to an equal maximum value in the opposite
direction, repeating the cycle of values over and over again in
equal intervals of time. Alternating currents are not neces-
sarily purely sinusoidal, as shown in Fig. 18, but most com-
mercial alternators produce waves which closely approximate
pure sine curves; for our purpose it will be satisfactory to base
our calculations on sine waves.

The period of an alternating current is the time taken for
the current to pass through one complete set of positive and
negative values, as shown in Fig. 18.

When an alternating current passes through a complete set
of positive and negative values, as shown in Fig. 18, it is said
to pass through a cycle.

The frequency, or number of cycles, per second, is the num-
ber of periods per second.

The number of alternations, generally given per minute, is
the number of times the current changes direction from posi-
tive to negative, and from negative to positive, per minute.
Obviously, in each cycle, there are two alternations.® Fre-
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quency may, therefore, be given either in cycles per second or
alternations per minute. On this basis, a 60-cycle generator
gives 7200 alternations per minute.

6. Commercial Multipolar Alternators. The above
rules and definitions have been deduced from a consideration
of the simple alternator shown in Figs. 15 and 16, but they
may be applied equally well to all alternators, no matter how
large or complicated. Of course, few commercial generators,
with the exception of alternators direct driven from high
speed turbines, are as simple as the one discussed. Where
heavy reciprocating engines are used to drive alternators, the
speed is, of necessity, comparatively low, and for commercial
frequencies and ‘voltages a generator with a large number
of field poles, like that shown diagrammatically in Fig, 20.
is used.

The alternator in Fig. 20 has eight field poles magnetized
by direct current fed from
a separate small D. C.
generator, known as an
exciter, which latter is
generally driven from the
same shaft as the arma-
ture of the alternator, as
at the left in Fig. 21,
which shows a large
multipolaralternator com-
plete with its slip rings
and exciter. It is to be
observed in Fig. 20 that
the voltages generated in
adjacent armature coils
are in opposite directions
at each instant, but by
reversing the connections

Fig. 20. Armature Winding t o
8-Pole Alternator of alternate coils, as indi-

cated by the dotted lines,
these electromotive forces act in series and do not oppose each

sther. In multipolar alternators the frequency is:

SRR n
g G)
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where P is the total numter of field poles and n is the speed of
the armature in rev. per min. If the alternator in Fig. 20 is
running at a speed of 375 r. p. m., the frequency would ke
f=8 X 375
2 60
In such multipclar alternators, the total voltage generated
across the slip rings is
Kpd)nZ Volts 6
= 7100,000,000 ©)
where K is a factor depending on the ratio of breadth of pole
face to the spacing of the poles, as well as on the distribution
of the winding on the armature, P is the number of poles, ¢ is
the magnetic flux per pole, n is the armature speed in revolu-
tions per minute, and Z is the total number of-armature con-
ductors. This equation, it will ke seen, is simply a develop-
ment of the equation given previously for the simple alter-
nator.

= 25 cycles per second

7. Turbo-Alter ators. Steam turbines operate most
efficiently at high
speeds and, in or-
der to accommo-
date the alternators
to these conditions
with the commer-
cial frequencies of
25 and 60 cycles,
the number of field
poles must be re-
duced to a mini-
mum. Many of
these turbo-alterna-
tors run at speeds
as high as 3609 r. p.
m., and have but
two field poles. In
these cases, the field
magnet is therotat-
ing element, as it

o o Fig. 21. Alternator With Exciter at Left
18 easler to support

and insulate the high voltage armature conductors on the
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outside stationary member; it is hardly necessary to
elaborave on the fact that it makes no difference which
element rotates, as only relative motion between field
and armature is necessary. On account of their high speed,
these machines generate a tremendous amount of power for
their size, as compared with reciprocating engine-driven al-
ternators.

8. Measurement of Alternating Currents and Volt-
ages. With currents and electromotive forces varying so
widely in magnitude from instant to instant as do alternating
currents, or e.m.f.’s of sinusoidal form, what is the meaning of
the terms ampere and volt when used in connection with alter-
nating current circuits? The current at any instant ¢ is
known as the instantaneous current at that time, and is des-
ignated as 7; the instantaneous e.m.f. is similarly denoted as
e. The maximum voltage, as before explained, is generated
when the number of flux lines being cut is the greatest, and is
designated as E, while the maximum current is denoted as 1.
Referring to Fig. 18, which for the present discussion, we shall
take to represent an alternating current of electricity, the
average value of that current is, of course, simply the average of
‘all the vertical ordinates, or heights, of the half wave extend-
ing along the horizontal axis between points 1 and 7; that is,
the horizontal half period axis 1-7 would be divided into, say,
seven equal parts, as shown, and the average current would
be found by adding up the lengths of all seven vertical lines
drawn upward to the wave outline from points 1, 2, 3, 4, 5, 6
and 7, and then dividing the sum of these lengths by 7; the
average value of the voltage would be similarly found.

None of the above values are, however, convenient for
purposes of calculation. In direct current circuits, the rate
at which heat is generated by a steady current of I amperes
flowing through a resistance R ohmsis equal to the square of
the current, multiplied by the resistance, or I°R. Likewise, the
rate at which heat is generated by an alternating current of
instantaneous value 7, through the same resistance, is i’R; that
is, the average rate at which heat is generated in that circuit is
R multiplied by the averagevalue of *. Now, a steady direct
current which would produce the same heating effect as the
above alternating current would be one whose square is equal

;
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to the average value of i° of the alternating current; the actual
value of the alternating current would, therefore, be equal to
the square root of its average i’. Thus, instead of taking the
average of a large number of ordinates, or heights, of the half
wave, as in the previous case, we must now take the square root
of the average of the squares of all these ordinates. Thissquare
root of the average of the squares of the alternating current
over a complete period is called the roof mean square, or the
effective value of that alternating current. On this basis, one
ampere alternating current will produce the same heating effect
in a given resistance as will one ampere D. C. Similarly, the
square root of the average of the squares of an alternating
electromctive force over a complete half period is called the
effective value of that alternating e.m.f. R

In specifying the value of an alternating current as so many
amperes, or an alternating e.m.f. as so many volts, these
effective values are always mcant, unless something is stated
to the contrary. The principal reason for selecting this par-
ticular function of the instartaneous values of an alternating
current or electromotive force as the practical measure of
current or voltage, is that the deflections or readings of all
ammeters or voltmeters used in alternating current measure-
ments are directly proportional to these effective values; fur- .
thermore, it makes the direct current ampere and the alter-
nating current ampere equal, in that they will produce the
same heating and do the same work in passing through a
given resistance. All A. C. instruments indicate effective
values, which are obviously quite different from average
values. :

PHASE RELATIONS—VECTOR DIAGRAMS.

9. Phase. When an alternating electromotive force ig

E

Fig. 22. Current and Voltage in Phase
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impressed across a dead resistance, the current varies instan-
taneously with the voltage; in other words, as the voltage rises
and falls, and changes direction, the current flowing through
the resistance rises and falls, and changes direction, at the -
same time as the voltage. This condition is clearly shown in
Fig. 22, where current I and electromotive force E are said to
be in phase, because their maximum and zero values occur at
the same instant.

10. Lagging and Leading Currents. In many cases,
however, alternating e.m.f.’s are impressed across coils con-
sisting of many turns of wire often wound around iron cores,
and in these cases the current is choked back when it tends to
increase as the voltage rises, and persists when the voltage
falls, as will hereafter be explained. The coil of wire produces
an inductance effect in the circuit, and causes the current to

0

Fig. 23. Current Lagging Behind Voltage

lag behind the electromotive force, as shown in Fig. 23. The
base line along which the curves are laid is divided off into
degrees—360° for each cycle to correspond to one complete
revolution of the loop shown in Fig. 15. The number of de-
grees by which the current lags behind the voltage is known
as the lag angle of the current with respect to the voltage, and
is designated as O in Fig. 23. Conversely, the electromotive
force leads the current, and in the same sense the angle 0 .is °
the lead angle of the voltage with respect to the current.
Again, the current and voltage are said to be out of phase by
an angle of © degrees.

11. Vector Diagrams. Alternating currents and volt-
ages may be represented by the length, position and direction
of a line, called a Vector. Thus, two currents may be repre-
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sented (1) in magnitude by two lines having lengths propor-
tional to the intensities of the currents; (2) in relative angular
position, or phase, by the angle at which the lines, extended if
necessary, intersect; and (3) in direction by arrow heads
placed upon the lines. Vectors may be combined or resolved
into components by the well known parallelogram of forces.

Vector diagrams of sinusoidal currents and voltages render
the study of phase relationships quite simple. Simple dia-
grams of this character are shown at the left of Figs. 22 and 23,
where lines OE and Ol revolve at a uniform rate of n revolu-
tions per second, equal to the frequency in cycles per second,
about point O in the direction of the arrow; since thelengths of
the vectors OE and OI are constant the pathsof theend of these
lines will be circles, not necessarily of the same radius, as there
is no connection between the scales to which OE and OI are
drawn, one representing in length the maximum volts, and the
other, maximum amperes. The rotating lines OE and OI,
from whose vertical projections the current and voltage waves
shown in Figs. 22 and 23 are constructed in the same manner
as the sine curve shown in Fig. 18, are said to “‘represent” the
sinusoidal current I, and the sinusoidal e.m.f. E, respectively.
In such diagrams, rotation is always assumed as taking place
in the counter-clockwise direction, as indicated by the arrow;
when two vectors are separated by a given phase angle, the
vector farthest around in the counter-clockwise direction is
said to be leading in phase, the other vector naturally lagging
by the same angle.

The proper representation of alternating electromotive
forces and currents by means of the vector diagram requires
that:

1. The given currents and voltages must be of the
same frequency, and, in addition, they must be of harmonic
character; that is, at any instant, the current or voltage
must be proportional to the length of the projection of th
line OP against the vertical, as shown in Fig. 18.

2. The direction of voltages and currents must be in-
dicated by arrow heads on the vectors.
3. The different vectors entering into the construction

of the diagrams must be constant in their angular relations
to each other.
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4. In addition to the above, it is desirable to scale the
lines of a vector diagram in terms of effective values,
rather than maximum values, because effective values are
always given by measuring instruments and are used in
numerical calculations; of course, when laying out sine
waves, as in Fig. 22 and 23, it is more convenient to
use maximum values, as the corresponding instantaneous
values can be secured by simple projection.

For example, in Fig. 22 the current and e.m.f. are in phase,
and, consequently, their vectors shown at the left of the figure
are not separated by any phase angle; this relationship is
maintained throughout the revolution. On the other hand, in
Fig. 23, the vectors OI and OE are separated throughout their
revolution by phase angle 6, by which the current lags be-
hind the e. m.f.

12. Vector Addition of E.M.F.’S. Take, for example,
two alternators A and B (Fig. 24) connected in series, and as-
sume they are similar in all respects, being driven at the same
speed and possess-
ingequal frequency.
If the three volt-
meters are con-
nected as shown,
voltmeters E; and
E,, will indicate, re-

spectively, the volts
due to alternators
A and B, whereas
E will measure the

; volts across the two
Fig. 24. Vectorial Addition of Voltages machines in. series.

If the volts meas-
ured by E are equal to the arithmetical sum of E; and
E,, the two alternators would, of course, be in phase, but as
a rule the reading of E will be smaller than the simple
sum obtained by adding E; and E;. We will suppose these
three values, E;, E; and E, to be known. From the center O
of Fig. 24, describe a circle of radius OE, the length of which
represents voltage E. Now, draw OE; in any direction to rep-
present the volts E;. From E; as a center, describe an arc
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of radius E4E, the length of which is proportional to the volts
Es; it will cut the arc already drawn at point E.  Join OE and
complete the parallelogram OE; EE,;. The angle 6 between
the two component vectors OE; and OE; is then the angle of
lag, and is, therefore, the phase difference between the two
voltages produced by alternators A and B.

The question of compounding two or more alternating forces
in an electric cir-

cuit now becomes a %
very simple matter. /g;o Sl
Thus, in Fig. 24, had ¥ X A

b %

we been given the \\:\][\ é:leg\\
two voltages E; and Bt

E; and the phase
difference 6 (instead 20
of the three volt- N
ages), we could have

calculated the total Bt R AR S r
em.f. E and have
ascertained its phase
relation to its two
components by merely constructing the parallelogram of
forces OE; EE; in the usual manner.

As .an example, let us suppose that there are three distinct
alternating e.m.f.’s—A, B and C—of the following values, all
combining to produce one resultant e.m.f. in an electric
circuit:

Fig. 25. Determination of Resultant
Voltage

A = 200 volts
B = 150 volts
C = 100 volts

We shall also assume that B lags behind A by exactly 90°,
while C leads A by 35°. Draw the three vectors OA, OB and
OC in Fig. 25 to a suitable scale, and in such directions that
the angles AOB and AOC are, respectively, 90° and 35°, bear-
ind in mind that OB must be drawn behind OA, while OC
must be drawn in advance, lead angles being laid off in a-
counter-clockwise direction, as previously explained. First
construct the parallelogram of forces OBrA, giving Or as the
vector resultant of voltages OB and OA, then combine result-
ant Or with voltage OC by parallelogram OCRr, giving OR
as the final resultant of all three initial voltages. The length

AT e
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of the line OR, measured by the same scale as the three
component vectors, gives us the value of the resultant e.m.f.,
in this case 297 volts. If angle AOR is scaled it will be
found that the resultant voltage OR lags behind component
OA by 18°.

CIRCUITS CONTAINING
RESISTANCE, INDUCTANCE AND COMBINATIONS
THEREOF

13. Ohm’s Law Applied to A. C. Circuits. In direct
current circuits Ohm’s Law is expressed as:

I = FE{— and the corollary E = IR ()

Where I is the current in amperes caused to flow in a circuit
of R ohms by E volts. The same law holds also in alternating
current circuits, providing the proper interpretation is put on
the term R, for, due to certain inductance effects, presently to
be described, the apparent resistance in alternating current
circuits is often many times the dead or ohmic resistance in
the circuit and Ohm’s Law has to be amplified to:

E E
= ZandE—lZandZ—T ®)
where Z is the impedance, representing the total apparent re-
sistance of the circuit in ohms.

14. Case I—Circuits Containing Resistance Only. In
the case of a circuit containing a dead resistance R only,
Z = R and equation (8) becomes:

I=g‘andE=IRandR=ET: )
The current and voltage are in the phase. The vector dia-
gram and the corresponding current and voltage waves in
proper phase relationship are shown in Fig. 22.

Example: An electromotive force of 220 volts, frequency
60 cycles, is impressed on a circuit of a total dead resistance
of 100 ohms. What is the current?

From equation (9) it will be evident that this current in the
above circuit will be the quotient obtained by dividing the
voltage 220 by the resistance 100 ohms, or 2.2 amp.

15. » Case II—Circuits Containing Inductive React-
ance Only. Electric circuits possess inertia. In order to
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form a mental picture of this property of an electric circuit,
consider a flywheel rotating in a perfectly frictionless manner.
Such a flywheel once it has been put in motion will continue
to revolve for any length of time at undiminished speed,
without requiring a further application of force. But a force
had to be applied to bring it up to speed, and exactly the same
amount of energy as was put in it is now available for
doing work and will be given back by the time the flywheel
has been brought to rest.

The above is a fair physical analogy of what happens in the
case of an A. C. generator impressing an e.m.f. on a coil of
wire. It is assumed that the reader is aware of the fact that,
when a current flows in a wire, that wire is surrounded cir-
cularly by a magnetic field of flux lines; when the current
starts to flow, the flux lines spring outward circularly with the .
wire as a center, just like the ripples of water which are created
when a stone is thrown into a pond. The intensity of the
magnetic field about the wire at any point is dependent on
the strength of the current flowing in the wire, as well as the
distance of the point from the wire. If the current alters its
value, the field is also altered, increasing with increase of cuir-
rent and decreasing with decrease of current, finally coliapsing
on the wire again when current ceases.

1t will be evident, therefore, that, when an increasing electro-
motive force is impressed across a coil of many turns of wire,
and a current starts to flow, lines of magnetic flux spring out-
wardly in expanding circles from each turn of the coil, and
cut the other turns, producing in them a secondary electro-
motive force, which will be found counter or in direct opposi-
tioh to the impressed e.m.f. driving the current through the
coil; this action cuts the value of the current at any instant
down below what it would otherwise have been, for part of
the impressed voltage is taken to balance this counter electro-
motive force. On the other hand, when the impressed volt-
age falls, and the current tends to decrease in turn, the flux
lines start to collapse toward their respective turns, and in so
doing cut the other turns, generating in them a voltage in the
same direction as, and tending to assist, the falling impressed
voltage to maintain the current above what it otherwise
would be. -

The magnetic field is a definite seat of energy and requires
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for its production, therefore. a definite expenditure of energy,
determined in amount by the flux and the turns in the coil
with which the flux circles are linked. These linkages of flux
with turns constitute one of the most important factors in
alternating current circuits. The number of such linkages for
an electric circuit carrying one ampere is known as the
coefficient of self induction, or, briefly, the self-inductance of
the circuit, being denoted by the symbol L. When the num-
ber of linkages of flux with turns due to one ampere flowing in
the circuit is 100,000,000, the circuit is said to have a self-
inductance of one henry. Stated in another way, a circuit has
an inductance of one henry when one volt, exclusive of the
e.m.f. required to overcome dead resistance, will cause the
current to change at the rate of one ampere per second. The
choking effect due to self-induction is the seat of an apparent
increasein theresistance of the circuit andin this, of course, the
frequency is an important factor. As a matter of fact a
mathematical analysis will show that in a circuit having a
self-inductance of L henrys the apparent increase in resistance
due to self-inductance is Lp ohms where p = 27n, n being the
frequency as in equation (3).

Solongas the current in the circuit remains constant in val-
ue, thereis no expenditure of energy in maintaining the field; this,
of course, excludes the energy dissipated as heat in the electric
circuit itself. If, however, the field increases, a reaction will
be developed which must be overcome, requiring an expendi-
ture of energy in the circuit. If, on the other hand, the field
diminishes, there will be a reaction in the opposite direction
to that first considered, and, in virtue of this, energy will be
returned to the circuit. This reaction in each case takes the
form of an electromotive force, called the e.m.f. of self-induc-
tion, whose magnitude depends on the rate of change of link-
ages of flux and turns of wire. Every signalman has noticed
that, when the circuit of a pair of high resistance slot magnet
coils or relay coils carrying current is opened, there is a bright
spark and a “back kick’ which is capable of giving a consid-
erable shock; this counter e.m.f., which is many times the
original impressed voltage, is simply due to the lines of mag-
netic flux collapsing on the coils, and thus generating a high
voltage when the current is suddenly interrupted. Similarly,
if an attempt were made to suddenly stop a heavy rotating
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flywheel by slipping a bar between the spokes and the engine
frame, disastrous results would follow, due to the quick dis-
sipation of the energy stored up in the rotating mass.

Obviously, therefore, in the case of a circuit conveying an
alternating current, there will be an alternate increase and
decrease in the energy of the magnetic field, and this will give
rise to inductance voltages. Considering a complete period
of the current, it will be found that during one-half of this
period energy is supplied by the circuit to the field, and dur-
ing the other half of the period energy is returned by the field
to the circuit. When the current is increasing in value, the
establishment of energy in the field sets up an opposing e.m.f.;
which does two things: first, it makes the current reach a given
value later than would be the case provided no such e.m.f.
existed; and, second, it diminishes the maximum value which
the current reaches in a complete period. When the current
is decreasing, the field contributes energy to the circuit; the
value of the current at any instant, however, is not as small
as it would be if no energy of the magnetic field were given
back to the circuit, and, for this reason, the current again
lags with respect to the value which it would have were no
such induced e.m.f. present. Again, the greatest negative
value which the current reaches is less than the value which
it would attain provided no energy from the field were returned
to the circuit. In the flow of a sinusoidal current in a self-
inductive circuit, the value of the current will be less than if
the self-induction were not present and the current will lag by
a certain angle with respect to the impressed voltage. In this
sense, an alternating current circuit containing inductance
possesses inertia just as does the rotating flywheel above
mentioned.

As has previously been stated, the voltage generated in a
conductor is proportional to the rate at which the flux lines
cut thatconductor. Now, when an alternating current is flow-
ing through a coil, the rate at which the flux lines spring
outward from their respective turns is greatest when the
current is just starting to rise from zero, whether in one di-
rection or the other; then the current is increasing most rapidly,
for there is an instant when the current increases from zero to
a definite quantity—from nothing to something, and then the
rate of increase of current, and consequent magnetic flux;

™
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which varies simultaneously with the current, is the greatest.
Conversely, when the current is at its maximum, it is steady
for an instant at the top of the wave, and there the rate of in-
crease in current and flux is zero. The electromotive force of
self-induction, resulting from the change in magnetic flux, is,
therefore, greatest when the current is zero. Now, if any
current is to flow through the coil, this counter e.m.f. of self-
induction must be balanced by an equal and opposite e.m.f.
from the generator.

This is illustrated in the wave diagram in Fig. 26, where I
represents the current wave and — ILp the e.m.f. of self-

+HLpE +Lp

Fig. 26, Circuit Containing Inductance Only

induction, which, it should be noted, is at its maximum when
the current is zero, and is zero when I is maximum; also, since
— ILp is a counter e.m.f., it is laid off negatively, as it is op-
posing the change in current. The balancing component
wave -+ ILp must be laid off in opposition and equal to— ILp:
a voltage E equal to + ILp volts, must therefore be impressed
on the circuit in order that current I may flow.

The above conditions are represented vectorially at the left
of Fig. 26, which diagram may easily be derived from the cur-
rent and voltage waves, or may be constructed independently,
as follows: first, lay off the vector I horizontally to correspond
in scale to the given current. As before stated the equivalent
resistance of the inductance L is numerically equal to the
quantity Lp in ohms, where p = 2 7n, as shown in equation
(3), The term Lp is known as the inductive reactance of the
circuit, and is always expressed in ohms. The reactive volt-
age drop in Lp is equal to the inductive reactance Lp multi-
plied by the current I, that is ILp volts, just as the drop i a
dead resistance R is IR volts. This reactivedrop vector— ILg
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lags 90° back of the current, as previously explained, the bal-
ancing impressed e.m.f. vector + ILp being exactly equal in
length and opposite in direction to —ILp. When the two
vectors are separated by an angle of 90°, such as I and —ILp
or I and 4 ILp, they are said to be in quadrature. " In such a
circuit, containing only pure inductive reactance, as just de-
scribed, Ohm’s Law in equation (8) becomes:

E E
I = e & * (10)
E = IX - an
X = -]1;1 a2

where X denotes the reactance Lp.

16. Case III—Circuit Containing Capacity Reactance
Only. We have now to consider briefly the case of a circuit
containing pure capacity reactance, this latter effect accom-
panying the alternate charging and discharging of a condenser
whose two terminals are connected to an alternator. The ca-
pacity might consist of a condenser, formed by a long dead
ended cable containing two conductors carefully insulated
from each other, or the condenser might be composed of a
number of sheets of tinfoil piled up with sheets of glass or
paper between them, alternate layers of tinfoil being connect-
ed together to give the effect of two large metal sheets close
to, but thoroughly insulated from each other just as in the
case of the cable; in either case as long as the alternating cur-
rent is flowing in a positive direction, current flows into the
condenser, which, therefore, becomes charged, but, as soon as
the current reverses, the condenser begins to discharge. The
maximum charge of the condenser, and, consequently, its
maximum back pressure or counter e.m.f., occurs just at the
moment when the current is about to reverse, and this back
pressure or counter e.m.f., therefore, tends to help the current
reverse, the latter growing to a negative value much quicker
than it otherwise would do; this is just the opposite of what
occurs in a circuit containing inductive reactance, and, as a
consequence, in a circuit containing pure capacity reactance,
the current leads the impressed voltage E by a quarter of a
period, or 90°, whereas, as previously explained, the current

e
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lags 90° behind the impressed voltage E in a purely inductive
circuit. '

~ Capacity effects are so minute in signal work as to be negli-
gible, with the single possible exception of transmission sys-
tems, and then only in the case they are very long; if, however,
by any chance it becomes necessary to run the transmission
underground in a cable, the capacity effect will be more no-
ticeable, and had best be investigated. The cable manufac-
turers will furnish data covering the capacity reactance of
their product, and from this the capacity reactance drop may
be calculated, this latter, of course, helping to neutralize the
inductive reactance voltage, with the result that a less volt-
age will have to be impressed on the transmission to force the
required current through it than would be the case if capacity
were not present.

17. Case IV—Circuits Containing Resistance and In-
ductance. In Case I above, we considered a circuit contain-
ing resistance only, and later, in Case 11, one containing pure
inductance only; the latter case is purely theoretical, as all
circuits contain some resistance, however small, and, converse-
ly, all circuits, particularly A. C. signal circuits, contain in-
ductance. The general case, therefore, is one in which the
circuit contains resistance and inductance.

e
ILp E__
s
RV S
g e
“ILp

Fig. 27. Circuit Containing Resistance and Inductance

Fig. 27 illustrates this general case, | being the current wave,
—ILp the wave of the counter e.m.f. of self-induction, ILp
the balancing wave for the latter, and IR, naturally in phase
with the current, the wave corresponding to the drop in the
given resistance R. In order that current I may flow through
this circuit, the alternator must not only supply enough volt-
age to compensate for the resistance drop IR, but, in addition,
it must supply the component wave ILp to balance the in-
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ductive drop; the total impressed voltage E must, therefore,
be equal to IR +ILp, the wave E, therefore, being plotted by
adding, algebraically, the verticals of waves IR and ILp at
each instant along the horizontal time axis, due attention
being paid to the fact that IR and ILp are sometimes in oppo-
sition.

The correspondmg vector diagram is shown at the left of
Fig. 27, which diagram may be derived directly from the cur-
rent and voltage waves, or may be constructed independently,
as follows: ﬁrst lay off the current vector I horizontally, and
superimpose’ bn it the voltage drop IR, obtained by multiply-
ing the current I amperes by R ohms, I and IR, of course,
being directly 'in phase. The impressed voltage for balancing
the inductive reactance voltageis ILp voltsin quadrature with
and leading the currént. The total impressed voltage E isthe
vectorial sum of IR and + ILp, and is simply the diagonal of
the parallelogram of which IR and ILp are two right angle
components. This resultant E is the hypotenuse of a right
angle triangle, and is equal, in volts, to the square root of the
sum of thesquares of IR'and ILp, since thehypothenuse of a
right angle triangle is equal to the square root of the sum
of the squares of the two legs.

Therefore,
E =+ (IR + (ILp)? (13)
and by Ohm’s Law, eguation @)
. log (14)
_ vV (IR)? + (ILp)?
= Z (15)
and
5 = YR + (Lp)?
I (16)
= v/ (R)? + (Lp)? a7
Z=+R?+X? (18)
finally,
X = VZ* —R? (19)
& ()

where Z is the total apparent resistance, called the impedance
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of the circuit and the quantity X is the abbreviation for the
term Lp, the inductive reactance.

From the explanation of trigonometrical functions given in
the first part of this chapter, it will be evident, from Fig. 27
that the lag angle © of the current I, with respect to the imp-
pressed total e.m.f., can be easily calculated in advance for:

Cos6 = i -

E O/ 0R)® & (i
IR

vI? (R? +X?)
P NN S T
& v R2 4 X2 .(20)
and on looking up the number representing this ratio in the
table of cosines in the back of the book, the corresponding
angle in degrees will be found.

18. Amplitude Factor. Itis to be noted that equations
(10) to (20), inclusive, are based on effective values, whereas
the vector diagrams in Figs. 26 and 27 are laid out with vec-

.‘tors representing maximum values, in order to show their
‘direct connection with the development of the current and
voltage waves. Of course, effective values are less than the
corresponding maximum values, but there is a definite rela-
tion between the two values. The ratio of the maximum
value to the effective value is known as the amplitude factor,
which, for sine waves, is equal to 1.414. Therefore, in the
above case the maximum values shown in the diagrams in
Figs. 26 and 27 may be arrived at by multiplying the values
in equaticns (10) to (20) by 1.414.

19. Practical Measurement of Impedance and Re-
actance. In actual practice, the numerical value of X can
be determined as follows: The dead resistance of the wire in
the coil or instrument in question can be calculated when the
length of wire and its resistance per foot is known, or the same
result can be arrived at by passing a direct current of I am-
peres through the wire; by Ohm’s Law, equation (7) R, the
resistance of the coil in ohms, is equal to the voltage E, neces-
sary to force the current through the coil, divided by the cur-
rent I in ampeies. When an alternating e.m.f. E volts of a
given frequency is impressed across the same coil or instrue
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ment, a cértain current of I amperes will flow, which may be
measured by an ammeter, so that, by equation (8), Z =

o

o ohms; then, since R is already known, the inductive react-

ance X in ohms is X = V.7 — R? from equation’; (19)
With a higher frequency, X would be greater, since X = Lp
and p = 27n, where n is the frequency in cycles per second,
as per equation (3). With a lower frequency, the term X
would be smaller, since n is smaller. In fact, if 7 were zero,
as would be the case with a direct current, then the term X;
the inductive reactance, would disappear entirely, and then
the flow of current would be limited by dead resistance only.
So, with a given voltage, the current flowing through a coil of
wire will increase in volume with decrease in frequency, and
will fall off as the frequency increases.

20. Calculation of the Inductance of .a Coil of Wire.
The inductance of a coil wound on a given spool is propor-
tional to the square of the number of turns N of wire. For
example, a given spool, wound with No. 16 has 500 turns and
‘an inductance, say, of 0.0025 henry; the 'same spool wound
with No. 28 wire would have about eight times as many turns,
and its inductance would then be about 64 times as great as
before, or 0.16 henry. The inductance of'a coil of given form
is also proportional to its linear dimensions, the number of
turns remaining constant. For example, say a given coil has
an inductarice of 0.022 henry, a coil three times as large in
diameter, length etc., but having the same number of turns
of iwire, hds an inductance of 3 x 0 022 or 0.066 henry. .

The inductance in henrys of a c01l of wire wound in a thin
layer on a long wooden core of alength of ] centimeters and a
radius of r centimeters, is

472 2N2
L= 7271000 Ix IOOOOOOOOO @,

in which N is the total number of turns of wire in the coil. The
.equdtion is strictly true for very long coils wound in a thin
layer; bit the same equation.is also useful in calculating ap-
proxitately the inductance of sho:t thick coils. Thus, a coil
of 50 centimeters long, containing 100 turns of wire wound

L RS TR
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around an average radius of 4 centimeters, has an lnductance
closely equal to:
L= 4 x (3.1416)% x (4)% x (100)?
Bt 50 x 1,000,000,000

Of course, if the wire in the above coil were wound around
an iron core instead of one of wood, the inductive action would
be enormously increased in proportion to the permeability of
the iron core.

POWER IN ALTERNATING CURRENT CIRCUITS.

21. Apparent Power or Volt-Amperes. In direct cur-
rent circuits, the power W in watts is: :
W = EI (23)
Where E is the electromotive force necessary to force a cur-
rent of I amperes through the circuit. In alternating current
circuits, the same equation holds, provided the current and
voltage are in phase, which, however, is rarely the case. Of
course, the instantaneous power. is¢
w = el (24)
where e and i are the instantaneous volts and amperes re-
spectively, but sometimes the generator is supplying power to
the circuit, and at other times the circuit is returning power
to the generator, as has previously been explained. What we
are interested in is the average power supplied to the circuit.
In an alternating current circuit, the apparent power is
given in voltamperes, this term covering the simple product of
the volts E necessary for forcing a current of I amperes
through the circuit, the voltage and current values being ef-
fective values, as indicated by the ordinary meters.
Voltamperes = IE (25)
The apparent power in voltamperes is greater than the true
or average power, because part of the apparent power is' re-
turned to the generator.

= 0.00013 henry 22)

22. True Power or Watts. It will be shown below
that the true watts or average power delivered to the circuit is:
W = IE cos © g (26)
Where I and E are the effective current and impressed voltage,
respectively, and O is the phase angle between theé current I
and the voltage E.

23. Power Factor. The quantity cos O is known as the




THEORY OF ALTERNATING CURRENTS. 59

power factor, and is the ratio of the true power or wattsto
the apparent power in voltamperes.

w
Power Factor = cos 6 = e 27)

Of course, the power factor cos © can never be more than
unity, since the watts cannot be greater than the voltamperes.

24. Case I—Power in an A. C. Circuit Containing Re-
sistance Only. In thiscase, the current and impressed e.m.f.
are in phase, as has been pointed out. In the general equation
(26) for power in an alternating current circuit, W = EI cos 6
but when the current and e.m.f. are in phase, the lag angle ©
is zero, and its cosine is unity. Therefore, the power equation
becomes, simply:

W = EI (28)

The above equations are illustrated graphically in Fig. 28
where the watt curve is obtained by multiplying the instan-
taneous volts and amperes at the various points in the period.

w

Fig. 28. Power in a Circuit Containing Resistance Only

It is to be noted that the power curve is a wave of double fre-
quency, as compared with the curves of e.m.f. and current.
The axis of symmetry of this power curve is distance W, cor-
responding to the average watts above the axis of the e.m.f.
and current waves. Of course, the product ie is always posi-
tive, even in the second or lower half of the period, because the
product of two negative numbers (—e) x (— i) is always posi-
tive in value; looking at the matter from what physically takes
place, the circuit is always receiving power positively, and is
never delivering power back to the generator. The apparent

.
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power in voltamperes is equal to the watts, and, consequently.

; _ EL _ :
¥ Power Factor = Bl = 1 29)

25. Case II—Power in a Circuit Containing Induc-
tive Reactance Only. Of course, it would be impossible
practically to create a circuit containing inductive reactance
only, due to the fact that all circuits must have some resist-
ance, no matter how smali; at the same time, the study of what
takes place in such a circuit is instructive, for here the current
lags 90° behind the impressed e.m.f., and the two are there-
fore, in guadrature.

Fig. 29. Power in a Circuit Containing Inductance Only

This condition is illustrated in Fig. 29, where the sine curve
W, obtained by multiplying the instantaneous volts and am-
peres, with due regard to positive and negative values (a posi-
tive (+7) multiplied by a negative (—e), and vice versa, gives
a negative (—w), is a sine curve of double frequency, and its
axis of symmetry coincides with the axis of e.m.f. and current.

Here the power:
W = El cos 6 R
= EIxO (30)
=0

because the cosine of the lag angle 90° is zero. An examina-
tion of ‘the watt or power curve in Fig. 29 will show that the
average power is zero, because, during the complete period,
just as much power is returned to the generator as it delivers
to the circuit: the negative and positive portions of the power
curve are equal, and their sum is therefore zero.
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(3
The power factor (abbreviated P. F.)
PF — Elcos®  Watts
& El " Voltamperes (€2D)
e 2
~ El
=0

26. Case ][II—Power in a Circuit Containing Resist~
ance and Inductive Reactance. Thisis the general case,
met with in alternating current circuits. The resistance R
and inductive reactance X are such as to cause the current to
lag © ° behind the impressed e.m.f., as shown in Fig. 30, where: :
‘0 is an angle such that i

e sy
VR? + X2

cos 6 =

as per equation (20).

Fig. 30. Power in a Circuit Containing Resistance and Inductance

This condition is shown graphically in Fig 30, plotted in
the manner previously described, where it will be seen that the
power curve is again a curve of double frequency with its axis
at a distance W above the axis of the e.m.f. and current waves.
At certain instants, the power is negative, at certain other
times positive, and the average power is the difference be-
tween the two. This is shown on the diagram by the loops
in the power curve coming part below and part above the axis
of thee. m. f. and current curves. The average power is found
by subtracting the total area below from the total area above
the axis of the e.m.f. and current waves. It is important to
note, therefore, thai in the ordinary alternating current cir-
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cuit the power is fluctuating. Part of the time the generator
delivers power to the circuit, and the rest of the time the cir-
cuit is returning power to the generator to run it as a motor.
This, then, is the general case, where:

W = EI cos 6 (32)

and the value of cos 0 is somewhere between zero and unity.

In the preparation of thischapter an attempt has been made
to explain the more important fundamentals of alternating
current theory. Those who are interested in the subject and
desire to learn more about it are advised to consult the stand-
ard text books, among which the following are easily available,
either at the public libraries or through local book sellers.

1. Estey—Alternating Current Machinery.

American School of Correspondence, Chicago, Ill.

2. D.C. and J. P. Jackson—Alternating Currents and Al-

iternating Current Machinery.
The MacMillan Co., New York.

3. Pender—Electrical Engineering.

McGraw-Hill Book Co., New York.
4. Hay—Alternating Currents.
D. Van Nostrand Co.
5. Steinmetz—Alternating Current Phenomena.
McGraw-Hill Book Co., New York.
6. Steinmetz—Theoretical Elements of Electrical Engi-
neering.
McGraw-Hill Book Co., New York.
7. Karapetoff —The Electric Circuit } 2 Vol
The Magnetic Circuit il
McGraw-Hill Book Co., New York.

Of all the books on alternating currents the most complete
are perhaps those by E. Arnold of Karlsruhe, published by
Julius Springer of Berlin under the general title of Die
Wechselstromiechnik. They have been written with pains-
taking thoroughness and cover both from the theoretical and
practical standpoints, almost every phase of alternating
current working. At the present time they are available in
German only. )
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ELEMENTS OF THE »
ALTERNATING CURRENT TRACK CIRCUIT.

1. . Elements of an A. C. Signal System. In general, a
complete A. C. signal system consists of the following:

(A) The track circuit control system, made up of

(a) Track relays, over whose points the signals are
controlled, sometimes jointly with line relays, depending
on the type of automatic block circuits used.

(b) The transformers for feeding the track circuits and
signals. .

(c) The limiting resistance or impedance used between
the transformer and the track to prevent an injurious short
circuit current flowing through the track transformer with a
train in the block. :

(B) The signals, which may be either of the semaphore
or light type. :

-
(C) The : transmission system paralleling the right-of-
way and supplying power to the transformers at the various
locations.

(D) The power generating system in the power house
supplying power to the transmission. :

It is the purpose of this chapter to discuss the elements of
the track circuit, the other elements of the complete sighal
system being covered in later chapters. )

STEAM ROAD TRACK CIRCUITS.
End Fed and Center Fed Track Circuits.

2. End Fed Track Circuits. Practically all A. C. steam
road track circuits are end fed, that is, the track transformer
is located at the leaving end of the track circuit and the relay
which it feeds at the entering end; this arrangement is, there-
fore, exactly similar to the general practice in D. C. track
circuit work, where a battery takes the place of the track trans-
former. * Fig. 31 illustrates the A. C. end fed track circuit
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with its elements as used on steam roads. The standard sym-
bol for an alternating current relay is that of the direct current
relay marked with an X across the coils as shown.
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Fig. 31—Element of the End Fed Track Circuit

3. Center Fed Track Circuits. There is no limit to the
possible length of an end fed track circuit, except the amount
of power rquired for its operation. While the amount of
power required at the track relay terminals is, of course, con-
stant, regardless of the length of the track circuit, it must be
remembered that a large proportion of the current fed into the
track by the transformer is lost through leakage across the
track from rail to rail over the ballast and ties, just as is the
case in D. C. track circuits; in track circuits much over a mile
in length, this leakage factor increases rapidly as the track
circuit is extended, especially in the case of pocrly drain-
ed cinder ballast and old water or brine soaked ties. The cur-
rent lost in ballast leakage naturally causes a corresponding 1Z
drop in the rails, which piles up in almost geometrical ratio
as the track circuit is made longer, so that, in the case of very
long track circuits, the transformer must supply a compara-~
tively high voltage to the track before the relay will pick up;
at that point in the track where the transformer is connected
the voltage across the rails is obviously the highest, and here,
consequently, the current lost in ballast leakage is the greatest,
the leakage current falling over gradually with the decrease
in voltage across the rails as we proceed down the track to-
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ward therelay. Itisdesirable, therefore, from the standpoint
of power economy, to keep the voltage at the 1ails opposite the
transformer as low as possible.

| | - |
SIGNAL R} mJ LuI{ TRACK LuJ LJ

D
6
L

TRANSFORME vE) |TRANSFORMER
3IMPEDENCE

fT ; T 3 T T T
[} H Il [ 1 1
1 i 1l (] 1 [N
1 1 1 (] 1" [N
(] 1 1 . LB [N

2 L

R

Tt

Fig. 32—Element of the Center Fed Track Circuit

So, if, for example, it is desired to operate a 15,000-foot
track circuit with a given type of relay, and the calculations
show that an unreasonable amount of power would be required
for an end fed track circuit, then a center fed track circuit,
shown in Fig.32, may beresorted to. In this arrangement the
track transformer is located at the middle of the track circuit,
feeding in either direction a relay at the end of the section;
thus, the voltage at the track opposite the transformeris much
less than would be the case with an end fed track circuit of equal
length, and, due to this lower voltage, the leakage current
across the ballast near the transformer is cut down, the saving,
of course, falling off as we proceed in either direction from the
transformer toward the relays. For purposes of calculation,
a center fed track circuit may be considered as two end fed
track circuits joined together and fed jointly at their meeting
point. With the center fed track circuit, the voltage at the
track opposite the transformer will be the same as that re-
quired for one of the component end fed circuits, but the cur-
rent fed in the track from the transformer must evidently be
twice as great.

Where center fed track circuits are used, the signal oper-
ating circuit must be broken through points on both track
relays, for there is a time when the train is on the leaving end
of the track section, that relay A (Fig. 32) may pick up, due
to the fact that, as the train proceeds out of the leaving end of _

/_/
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the block, its shunting action on the track transformer de-
creases and the voltage on the relay at the entering end of the
block rises. At that time, though, relay B at the leaving end
is shunted dead as the train is practically across it, so that, if
the signal control circuit is passed through the points of both
relays in series as shown, at least one relay is bound to be open
whenever there is a train on the track section, no matter at
what point.

Single and Double Element Relays.

4. Single Element Relays. All direct current track re-
lays receive tl.eir power over the track; that is, the battery
connected to tlie rails at one end of the track circuit supplies all
the:power for the operation of the relay. The same may also
be said of the alternating current track relays shown in Fig.
31 and 32, where the transformer takes the place of the before
mentioned batteries; there are, of course, two track relays per
track circuit in Fig. 32, but both of them receive all of their
power over the rails. Such relays are called single element re-
lays; they have but one winding, although they may have two
or more coils interconnected in series or multiple, just as in
the case of the two coils on a direct current track relay.

5. Double Element Relays. Long track circuits oper-
ating with single element A. C. track relays are seldom used
nowadays, because such track circuits are extravagant in the
way of power. A track circuit is nothing more nor less than
a small power transmission system, and a mighty inefficient
one at that. The usual high voltage power transmission con-
sists of a generator located at one end of the system, feeding
current at a high voltage over carefully insulated wires to a
motor or other receiving device at the far end of the system;
the leakage between the carefully insulated transmission wires
is comparatively insignificant. In the case of a track circuit,
the track transformer takes the place of the generator in the
high voltage transmission system above mentioned, the rails
take the place of the transmission wires, and the track relay
takes the place of the load at the end of the system. But
the rails are not carefully insulated from each other, as are the
transmission wires in the first case; the rails are spiked down
to the ties, which may be water or brine soaked, and the bal-
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last across the rails may be cinder, or some other more or less
conductive material. In any event, the ties and ballast con-
stitute a leak across the rails, and the track circuit transmis-
sion is, therefore, bound to be inherently ineficient. A track
circuit is a poor line over which to transmit power. The less
power transmitted over it, the better.

It was with the above facts in mind that the so-called two-
element relay was invented. This type of relay is provided
with two separate and distinct elements on windings, one of
which, called the frack element or winding, is connected to and
receives power over the rails as usual from the track trans-
former, while the other, called the local element or winding, re-
ceives power directly from a transformer.

The turning effort exerted on the moving member of the
relay to close the contacts, is proportional to the product of
the current flowing in the track and local elements, with
due regard to phase relaticns, as will be explained in Chapter
IV. A given turning effort can be preduced en the contact
operating member by the interaction cf two currents of me-
dium value in the two elements, or by a very small current in
one element and a very large one in the other element.

Only a very small amount of power, therefore, is used in the
track element of two-element relays, and so comgaratively
little power is lost in the track circuit transmissicn, as only a
little has to be transmitted; only a small voltage is required
at the track transformer end of the track circuit. On the
other hand, a comparatively large amount of power is delivered
to the local element of the relay from its local transformer; of
course, there is practically no loss of power between this trans-
former and the local coil of the relay which it feeds, because
the feeding wires are always well insulated. and they are also
generally very short. :

Such two-element relays work on the motor principle; that
is, both track and local elements must be simultaneouely
energized before any turning movement is preduced in the
moving member of the relay to close the contacts. The local
element is permanently connected to its transformer, and is
consequently always energized, regardless of whether there is
a trajn on the track circuit or not. The track element is, of
course, energized only when the track circuit is unoccupied,
for, when a train is on the track circuit, all the current is

e 17—4/
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shunted out of the track element of the relay. Some of these
two-element relays operate on exactly the same principle as
does the ordinary direct current signal motor. In this anal-
ogy, the field coils and armature of the signal motor would
represent, respectively, the local and track elements of the re-
lay. It will be realized that, as long as current flows through
both field coils and armature, the motor will continue to ro-
tate; but, if for example, the armature were short-circuited,
the motion would then cease, even though current were still
flowing through the field coils. The contacts of a two-element
track relay are never closed, except when current is flowing
through its track element, as well as its local element.

Two and Three-Position Relays.

6. Two-position Relays. Single element A. C. relays
are necessarily two-position relays; there is no element of per-
manent character to respond to changes in the polarity of the
single energized element, and, consequently, these relays are
exactly comparable to the usual neutral direct current track
relays met with in steam road services. Single element relays
have but two positions; their front contacts are closed when
no train is on the track circuit, and these front contacts open
and the back contacts make, as shown in Fig. 31, when a train
enters on the track circuit.
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Fig. 33—Two-element, Two-position Relays on an End Fed Track Circuit
7. Three-position Relays. Two element relays, on the

contrary, may work in either two or three positions. Fig. 33
represents the two-element relay working in two positions
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only on an end fed track circuit, although it would work
equally well on a center fed track circuit.

Due to the motor action previously described, the moving
member of two-element relays may be caused to rotate in one
direction or the other, depending on the relative direction of
the magnetic flux produced in the track and local coils by their
respective currents. As previously stated, the local element
is permanently connected to its feeding transformer, but by
means of a pole changer, as shown in Fig. 34, the polarity of
the track element, with respect to the local element, may be
controlled. In such a relay, the moving member is counter-
weighted to return to a central or neutral position, with all
contacts open, as shown at A, in Fig. 34, when a train isin the
block, and the track element of the relay is short-circuited.
When the track element is energized in one direction, as shown
at B, one set of contactsis closed, while, when the pole changer
between the track transformer and the track is swung over,
the direction of the moving element of the track relay is re-
versed, so that another set of contacts are closed, as at C, in
Fig. 34. In fact, Fig. 34 represents a polarized wireless sys-
tem of signaling, with alternating current track circuits,
where the usual polarized track relay used on D. C. track
circuits is replaced by the three-position A. C. track relay.
The two relays fulfill the same function, and, of course, may
be used for controlling signal indications in either three-posi-
tion or home and distant signaling.
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Fig. 34—Polarized Wireless Track Circuit with Three-position Relays

8. Protection Against Broken Down Insulation Joints
with Two-element Relays. It is to be noted that, on ac-

/
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count of the possibility of reversing the direction of movement
of the rotating element which actuates the contacts, perfect
broken down insulation joint protection can be secured with
two-element two-position relays by staggering or reversing
the polarities of adjacent track circuits. For example, in Fig.
33, the polarities of track circuits M and N are opposite at any
given instant, and, if ipsulation joints X and Y were to break
down, relay B would be forced on its back contacts to open the
signal circuit. On the other hand, under similar circum-
stances, a single element relay might pick up with a short
train at the far end of a long track circuit, because, if the in-
sulaticn in joints X and Y were in very bad shape, the ad-
jacent transformer would be practically across track relay B.
A moment’s reflection will make it evident that equal prote¢-
tion cannot be secured with three-position relays, although
certain schemes, not within the scope of this book, have been
suggested However, even with three-position relays, it is
customary and advisakle to stagger polarities on adjacent
abutting track circuits, so that, if both insulated joints break
down, a caution, and not a clear, indication will result. ~ This
is illustrated in Fig. 34 where, with the track circuits unoccu-
pied, their polarities’are staggered; the local windings of alter-
nate relays, such as B, are reversed so that the same contacts
may always be used for the caution and clear indications re-
spectively.

Statements have been made above that *‘the polarity of
the track element, with respect to the local element, can ke
reversed,” and that "‘the polarities of adjacent track circuits
can be reversed.” Of course, the alternating currents are peri-
odically changing in direction, and the above statements sim-
ply mean that at any given instant the polaritites are opposite.
During other portions of the cycle, positive polarities will
change to negative polarities, and vice versa, but opposite ye-
lationship will always be maintained.

Transformers.

9. Track Transformers. This transformer, as its name
indicates, is used to supply current to the track. It may re-
ceive power directly from the high voltage transmission line,
as is the case in Fig. 32, or from the secondary coil of the main
line transformer shown in Fig. 33; track transformers are al-
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ways provided with a number of taps on the track, or second-
ary, side, so that, depending on the length of the track circuit
and its ballast leakage factor, the necessary voltage may be
impressed on the track to 'insure proper working of the relay.
Track transformers which receive power directly from the
transmission, as shown in Fig. 32, are generally housed in an
oil filled cast iron case. hung on a cross arm carried by the
pole on which the transmission is strung; track transformers
which receive power from the secondary of the line transformer
as shown in Fig. 33, are generally built up on a wooden base,
and are housed in the relay box at the signal location. ;
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Fig. 35—Multiple Feeding of Parallel Track Circuits

In double or multiple track work, it is the custom to feed
the two or more parallel track circuits from one transformer,
but in this case the track transformer should be provided with
a separate and independent secondary for each track circuit.
This practice is advisable since the rails of a track circuit are
more or less grounded, depending on the nature and condition
of the ballast. Hence, relay C, Fig. 35, might remain picked
up with a broken rail at D, since current could flow from the
positive side of transformer A to the upper rail of the lower
track circuit, from M to N over the ground and direct to relay
C, the other side of which is connected to the negative side of
the transformer over the upper rail of the track circuit in
which the break D is located; furthermore, there is a bare pos-
sibility in the case of exceedingly poor wet ballast, of the relay
adjacent to transformer A being picked up with a train at the
extreme end of its track circuit (near E) if one of the insulated
joints between A and the relay broke down.

This effect is naturally entirely dependent on the extent to
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which the rails are grounded and also on the ballast conduct-
ance. To guard against it, each track circuit had best be fed
from a separate secondary as at E, Fig. 35, the transformer
. being provided with two secondaries for this purpose. In the
case of detector circuits, as used in interlockings, each track
circuit should likewise be separately fed, transformers with
four secondaries being of a convenient size.

10. Line Transformers. Any transformer connected
directly to the transmission line might, with perfect accuracy,
be called a line transformer, but in actual signal practice the
term has become restricted to a transformer with a primary
connected to the transmission, and one secondary of 55, 110
or 220 volts, this secondary being jointly used for supplying
power to the signal motors, slots and relay locals, and alsoin
themajority of cases to the separate track transformershown
in Fig. 33; the signal lights may also be fed from the secondary
of the line transformer, but in most cases the primary of the
separate track transformer is provided with a 10-volt tap to
handle the lights. Such line transformers are commercial
articles, made in quantity and kept in stock by the manufac-
turers at all times, and are, consequently, quickly replaced,
in case of burnouts; furthermore, through their use, the sepa-
rate track transformer shown in Fig. 33 becomes relatively in-
expensive, as it need not be elaborately insulated for connec-
tion to the transmission line, since it is fed from the low ten-
sion, or secondary, side of the line transformer, and may be
housed in the relay box, without the oil filled case which would
otherwise be required.

11. Combined Line and Track Transformers. ' Insome
cases, a combined line and track transformer is used; its pri-
mary is connected to the transmission, and it is provided with
two secondaries, one being wound for 55, 110 or 220 volts, for
feeding motors, slots, and the local coils of the track relays, the
other being a low voltage secondary for feeding the track.
Such a transformer, shown in Fig. 34, generally costs more
than would be the case if a commercial line and a separate
track transformer were used, due to the fact that the combined
line and track transformer has generally to be specially made
up by the signal manufacturer to suit the conditions.
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Track Resistances and Impedances.

12. Function. The gravity batteries used with the di-
rect current track circuit have an internal resistance varying
from one to four ohms per cell, depending on their physical
condition, and this inherent internal resistance prevents a

, wasteful, and possibly injurious, short circuit current from
flowing from the cells when a train is on the track circuit. In
the case of lead storage batteries, and some primary batteries
of the caustic soda type, the internal resistance per cell is only
a very small fraction of an ohm, and, consequently, when such
cells are used for feeding track circuits, an external resistance
coil must be connected in series with the track battery to pre-
vent waste of energy and injury to the battery elements when
a train is on the track circuit. Similarly, in the alternating
current system, the transformer feeding the track has a com-
paratively low internal resistance, and either a resistance coil
or an impedance coil must be inserted between the trans-
former and the track to cut down the short circuit current
when the track circuit is occupied; otherwise, the transformer
might seriously heat or burn up, due to the short circuit over-
load, particularly if a train were held on the track circuit for
several hours, due to a wait for orders, for caxmple.

Such a resistance coil needs little description; it consists
simply of a few turns >f wire of high specific resistance and of
large enough current carrying capacity to carry the short circuit
current without heating. The impedance coil consists of a
few turns of heavy wire wound around an iron core; such a
coil has a high self-inductance, which serves to choke down
the heavy short circuit current, which would flow with a train
in the block were no impedance coil in the circuit.

13. Selection of Impedance or Resistance. The deci-
sion as to whether a resistance or an impedance is to be em-
ployed between the transformer and the track, on steam road
track circuits, depends on the type of track relay used. In
the case of a single element reldy, either a resistance or an im-
pedance could be used, but the use of the latter is advisable,
for, even though it costs more than the simple: resistance, the
extra cost will be compensated for by the pcwer saved with
the impedance; it must be remembered that, when a current
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Track Resistances and Impedances.

12. Function. The gravity batteries used with the di-
rect current track circuit have an internal resistance varying
from one to four ohms per cell, depending on their physical
condition, and this inherent internal resistance prevents a

, wasteful, and possibly injurious, short circuit current from
flowing from the cells when a train is on the track circuit. In
the case of lead storage batteries, and some primary batteries
of the caustic soda type, the internal resistance per cell is only
a very small fraction of an ohm, and, consequently, when such
cells are used for feeding track circuits, an external resistance
coil must be connected in series with the track battery to pre-
vent waste of energy and injury to the battery elements when
a train is on the track circuit. Similarly, in the alternating
current system, the transformer feeding the track has a com-
paratively low internal resistance, and either a resistance coil
or an impedance coil must be inserted between the trans-
former and the track to cut down the short circuit current
when the track circuit is occupied; otherwise, the transformer
might seriously heat or burn up, due to the short circuit over-
load, particularly if a train were held on the track circuit for
several hours, due to a wait for orders, for eaxmple.

Such a resistance coil needs little description; it consists
simply of a few turns >f wire of high specific resistance and of
large enough current carrying capacity to carry the short circuit
current without heating. The impedance coil consists of a
few turns of heavy wire wound around an iron core; such a
coil has a high self-inductance, which serves to choke down
the heavy short circuit current, which would flow with a train
in the block were no impedance cci! in the circuit.

13. Selection of Impedance or Resistance. The deci-
sion as to whether a resistance or an impedance is to be em-
ployed between the transformer and the track, on steam road
track circuits, depends on the type of track relay used. In
the case of a single element reldy, either a resistance or an im-
pedance could be used, but the use of the latter is advisable,
for, even though it costs more than the simple resistance, the
extra cost will be compensated for by the pcwer saved with
the impedance; it must be remembered that, when a current
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passes through a resistance, the entire voltage drop resuits in
an I?R heating or power loss, as explained in Chapter II,
whereas, with an impedance, the choking effect due to self-
induction causes a voltage drop in quadrature or 90° out of
phase with the current, so that but little power is lost; in fact
the power factor of the impedance used in signal work is about
0.2, whereas, with a resistance, it is, of course, unity.

When two-element track relays are used, however, the qués-
tion is more complicated, as the phase relations between the
two elements must be considered, and the use of resistance or
impedance between the transformer and the track will have
a bearing on these relations. In the great majority of cases
met with on steam roads, an impedance is used, but no rule
can be set down. The decision rests on the result of the track
circuit calculations described in Chapter XIII.

14. Bonding of Steam Road Track Circuits. For thig
purpose, any one of the following combinations may be used:
(a) Two No. 8 B. W. G. galvanized iron bond wires;
(b) One No. 6 B. & S. gage semi-annealed solid cep-
per bond and one No. 8 B. W. G. iron bond.
(c) TwoNo. 6 B. & S. gage copper clad wires (30 or 40
per cent. conductivity).

The D. C. resistance of iron is about seven times that of
copper, and, when alternating current is used, this ratio
is much greater, due to the fact that iron is magnetic, and,
therefore, an appreciable amount of power is continuously
lost; calculations show that, although combinations (b) or
(c) cost more than (a), their extra cost will be more than com-
pensated for by the power saved through their use. In most
cases, however, the use of two solid copper bonds would nct
be justified, as the power saved thereby over that required
with combinations (b) or (c) would not pay for the extra
copper.

ELECTRIC ROAD TRACK CIRCUITS.

15. Characteristics of Electric Road Track Circuits.
In general principle, electric road track circuits and steam
road track circuits are identical, and save for the extra ap-
paratus required with the former to take care of the propul-
sion current, the elements of both types of track circuit are
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the same. Electric road track circuits may be end fed or
center fed, and either single element relays or double elemeént
two or three-position relays may be chosen, for the same rea-
sons as govern their choice on steam road track circuits; of
course, such relays must be immune to the propulsion current,
and the reader is referred to Chapter IV for full descriptions
of the various types. Furthermore, limiting resistances or
impedances must be used between the transformer and the
track, as on steam road track circuits, due attention being
paid to phase relations, when two element relays are used;
however, in the case of single rail track circuits, a resistance
is always used, as, due to the possible circulation of current
from the propulsion system, through the track transformer
and its short circuit current limiting auxiliary, an impedance
" might be useless, because of the partial loss of its choking
effect consequent to the saturation of itsiron core. Where
phase considerations do not dictate otherwise an impedance is
used on double rail circuits to save power. A detailed con-
sideration of electric road track circuits will be found in
Chapter V.

Here, the similarity between steam and electric road track
circuits ends, for, whereas in the case of the former the track
circuit may be completely isolated electrically from the abut-
ting track circuits by insulated joints in both rails, this course
cannot be followed on electric roads, as the propulsion cur-
rent, coming through the motors from the trolley or third
rail, must have a continuous electrical path over the running
rails from track circuit to track circuit, back to the negative
side of the power generator in the substation or powerhouse.
This difficulty may be solved through the use of either the
single rail track circuit, or the double rail track circuit with
balanced impedance bonds.

16. Single and Double Rail Track Circuits. In the
single rail scheme, the track circuits are isolated on one side
only; that side, or rail, of the track in which the insulated
joint is placed is known as the block rail, which, of course, can-
not be used for propulsion purposes, while the other side or
rail of the track having no insulated joints and carrying the
propulsion current, is known as the return rail, as the propul-
sion current returns over it to the negative side of the power
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generator; however, as explained at length in Chapter V, the
passage of the propulsion current over the return rail causes
a voltage drop, as a consequence of which a certain portion
of the propulsion current passes through the track relay and its
feeding transformer. If the block is very long, or if the pro-
pulsion current is very heavy, the track circuit apparatus
may be seriously injured by overheating. Furthermore, the
conductivity of the track propulsion return system is cut in
two, through the sacrifice of one of the rails for signal pur-
poses.

In the case of the double rail track circuit, insulated jeints are
placed in both sides of the circuit, and both rails are used to
carry the return propulsion current as well as the signaling
current; by the use of the so-called balanced impedance bonds,
the propulsion current passes from track circuit to track cir-
cuit, around the insulated joints, but the signal current may
not pass. See Chapter V.

17. Track Circuits for Reads Using A. C. Propulsion;
Frequency Relays. Where cither single or double rail track
circuits are used on electric roads operating with direct cur-
rent propulsion, a track relay which is immune to direct cur-
rent, but which will work on alternating current, is, of course,
perfectly satisfactory. When, however, we encounter the
problem of track circuiting on electric roads employing alter-
nating current propulsion, it is evident that the ordinary al-
ternating current track relay is inadequate, as it might be
caused to falsely close its contacts with a train in the block,
due te leakage currents passing threugh it from the propul-
sion system. This difficulty is solved through the use of a
higher frequency for the signaling current than for the pro-
pulsion current, and the employment therewith of a track
relay which will pick up only when the higher fréquency sig-
naling current passes through its energizing coils. Such a
relay is known as a freguency relay, and full descriptions of
the various types will be fourd in Chapter IV. In all other
respects, the track circuit apparatus for roads using A. C.
propulsion is the same as that used on roads using D. C.
propulsion, with the exception that in the former case the im-
pedance bonds may be smaller; see Chapter V.
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Fig. 36—Single Element Vane Relay




CHAPTER 1IV.

RELAYS.
SINGLE ELEMENT VANE RELAY

1. Description. The vane relay is the simplest, the
most economical, and altogether the best of single element
relays;it was the first alternating current relay used for signaling
purposes, and its twelve years of development have brought
it to a high state of perfection. The standard vane relay
is shown in Fig. 36.

The detail design of the vane relay and its principal dimen-
sions are shown in Fig. 37, where the prime mover, the alum-
inum vane 2 actuates the contact spring bar 4, through link
3, both the vane 2 and the bar 4 turning on jeweled bearings.
The contact springs 8 are supported on insulating studs 16,
screwed into bar 4; the relay is here shown in the de-energized
position with back contact 8 closed, so that, when the vane
swings upward, this contact will be broken, and the front con-
tact on the other side of the bar closed. The magnetic field
structure | consists of a set of two coils, connected in series,
slipped over the legs of a horizontal C-shaped laminated mag-
net core, the vane swinging vertically in the air gap between
the ends of the C, as shown. When the coils are sufficiently
energized, the vane is pulled upward through the air gap by
an electro-magnetic action, as will presently be explained; the
instant the coils are de-energized, the vane drops immediately
by gravity, the momentum of its downward motion being
taken up by a small fibre roller 13, which is caused to roll
uphill against gravity when struck by the vane. This pro-
tects the vane against jar and rebound, the same action on the
upward stroke being secured through a flexible front stop 11.

2. Theory of the Vane Relay. When two circuits are
placed near each other, a current sent through one will, in
general, produce an appreciable magnetic flux through the
other, some of the magnetic flux of the first circuit becoming
linked with the second. The circuits are said to possess mu-
tualinductance, and, by taking intoaccount the principle known
as Lenz’s Law, it is easy to arrive at the general nature of the

,_’—/l
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PLAN VIEW INVERTED PLAN VIEW
BOTTOM PLATE REMOVED

25
BACK VIEW
'GLASS SECTIONED SECTIONAL SIDE VIEW

CONTACT EQUIPMENTS.

4 fronts 2 backs 2 fronts 4 backs
4 fronts 0 backs 3 fronts 3 backs
2 fronts 2 backs

Fig. 37—Single Element Vane Relay 4 Points
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SECTIONAL SiDE VIEW SECTIONAL FRONT VIEW

INVERTED PLAN VIEW PLAN VIEW

CONTACT EQUIPMENT.

2 fronts only ’ 1 front 1 back |

Fig. 38—Single Element Vane Relay 2 Points
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results produced by mutual inductance when the first circuit -
is supplied with an alternating current, and the second cir-
cuit, which contains no impressed e.m.f., is simply closed on
itself. According to Lenz’s Law, the current induced in any
circuit by a varying flux always opposes the changes in flux
which give rise to it; and the circuit in which the current is
induced is subject to mechanical forces tending to move the
circuit, so as to reduce the extent of the flux variations.

Let us now suppose that the first circuit is fixed and the sec-
ond movable. If we assume the two circuits to be parallel
to each other, the second circuit will be repelled by the first,
since theresult of such motion would be to reduce the ampli-
tude of the flux variations. Thus, a ring of copper or alum-
inum slipped over a pole of an alternate-current electro-magnet
will be projected upwards as soon as a sufficiently strong cur-
rent is sent through the coil of the electro-magnet, and, if pro-
vided with suitable guides, the ring may even be kept floating
in the air above the electro-magnet, gravity being neutralized
by electro-magnetic repulsion.

If the second circuit is prevented from having motion of
translation, but is free to rotate about an axis, rotation will
take place until the plane of the second circuit is parallel to
the inducing field; for this is the position in which the flux
fluctuations are completely suppressed. Since action and re-
action are always equal and opposite, an equal and opposite
couple will be experienced by the first circuit. A coil of wire,
for example, conveying an alternating current will, when
pivoted or suspended in front of a sheet of metal, experience
a couple, tending to turn it into a position at right angles
to the conducting sheet.

The principles just explained find a practical application
in the vane relay, in which case an alternating current field
magnet is made to act on two secondary short-circuited cir-
cuits. Let us suppose that two rings of copper of the same
size are suspended parallel to, and nearly in contact with, each
other in the field of such a magnet. The currents induced in
the rings by the alternating magnetic field will be nearly in
phase with each other, the rings being nearly in the same re-
gion of the field, so that there will be attraction between them,
since conductors conveying currents flowing in the same di-
rection attract each other. Let us now suppose that the
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rings are displaced relative to each other, as in Fig. 39 (A), in
a direction parallel to their planes. In Fig. 39 (A), the shaded
portion represents the pole of the alternating current electro-
magnet, which, for the sake of simplicity, is shown of circular
shape. The attraction between the rings will tend to pull
them into coincidence, and there will be a component of
stress in a direction paral-
lel to the planes of the
rings. Next, suppose one
of the rings to be replaced
by a conducting sheet of
metal, as in Fig. 39 (B),
in which the dotted circle
shows the position of the
pole, and let the ring be
fixed, while the conduct-
ing sheet is free to mave.
If the ring were removed,
then, by symmetry, it is
clear that the currentsiin-
duced in the conducting
sheet by the alternating
flux from the magnet pole
would (assuming the sheet
to be of large extent, so as
to project well beyond
the polar edges) follow
circular paths having
their centers in the axis of the magnet. But, with the
ring in place, according to Lenz’s Law the currents induced in
it give rise to a magnetic field in opposition to the main field,
and the result of this is to cause a shifting of the main mag-
netic flux (whose distribution with the ring removed would
be uniform) toward the right hand ‘‘unshaded’ crescent-
shaped portion of the polar surface. But, with this shifting
of the flux, the currents induced in the conducting sheet will
also be shifted to the right, following the paths similar to that
roughly indicated by the dot and dash line. Now, the por-
tion of the conducting sheet forming the closed circuit indi-
cated by the dot and dash line and the ring will behave rela-
tively to each other in the manner of the two rings in Fig. 39

Fig. 39—Illustrating Attraction Principle
of Vane Relay

IR g™
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(A), and, since the ring is fixed, the sheet will move from right
to left—i. e., from the unshaded to the shaded portion of the
magnetic pole. Since, however, the conducting sheet is con-
tinuous, as it moves successive portions of it come int6 the
position of the dot and dash line, and so the pull is mamtamed
and the motion is continuous.

In the vane relay, whose operating elements are illustrated
diagrammatically in Fig. 40, the aluminum vane is free to
votate, and takes the place of the conducting sheet akove
mentioned in connection with Fig. 39 (B). Around one-half
of each pole face is placed a ‘‘shading” coil or ferrule, consisting
of a simple heavy band of copper, which takes the place of the
fixed ring in Fig. 39 (B). Coil Canditslaminatediron field core
constitute the alternating current electro-magnet, and cause
magnetic flux to induce currents in the aluminum vane, which
by the continuous attraction action described above, swings
upward in the direction of the shaded pole faces (those sur-~
rounded by the ferrules) when coil C is energized.

3. Characteristics of the Vane Relay; Where Used.

(@) The vane relay is wvavticidarly attractive from
the standpoint of design, because of its simplicity of construc-
tion, and the large mechanical clearances between all fixed
and moving parts; only a small portion of the vaneis enclosed
by the pole faces, and, as the large air gap is vertical, there is
little possibility of the vane sticking to the field structure be-
cause of foreign particles falling in the air gap. Further-
more, all its parts, especially the air gap, are open to easy
inspection through the glass shield, without taking the relay
apart.

(b) From what has been said above in regard to its theory
of operation, it is evident that the relay will operate only on
alternating current. It is perfectly immune to direct current,
and is, therefore, suitable for use on electric roads using D.
C. propulsion, as well as on steam roads.

(c) It is quick and positive in its action as the vane
shoots down by gravity immediately the relay is de-ener-
gized. It is, therefore, admirably suited for use on short
automatic block track sections and detector circuits in inter-
lockings where quick shunting is indispensable; if a slow”
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shunting relay were used in the former case, a train might
run through a considerable portion of the block before the
signal went to stop, and in the latter case, a switch might be
thrown under a train. In fact, the vane relay is the only one
which can be logically used for such service.

(d) The single element vane relay, from the standpoint of
power, economy is not well suited for use on very long track cir-
cuits, because it is a single elementrelay, receiving allits power
over the rails, and cannot, consequently, equal the power
economy of two-element relays on long track circuits, partic-
ularly where the ballast is poor. Depending on ballast con-

ditions, the
power economy
of the vane re-

lay will not
k_.' ] justify its use
FERRULES on steam road

track circuits of
I more than a

nominal length
of 2500 feet.
On electric
roads, with
double rail track
circuits, this
limit will be re-
duced to about
1500 feet, as the
signaling track
voltage must be
kept down to
the minimum to
keep the leakage current through the impedarnce bonds with-
in bounds; the operating voltage of the relay must, therefore,
be comparatively low, so that the current will be correspond-
ingly increased, in consequence of which the drop in the rails
is greater, and the limiting track circuit length is less than it
would be on a steam road; of course the preceding limits are
not ironclad, because such variables as ballast, the impedance
of the bonds, etc., are important factors, and only an actual
calculation of the track circuit power, carried out according

Fig. 40. Operating Element Vane Relay.
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to the method described in Chapter XIII, will establish the
exact limit in track circuit length where a two-element relay
becomes more economical than a single element relay. The
above limits are simply convenient approximations applying
to average conditions. :

(e) Having but one element, the vane relay here de-
scribed is a two-position relay, and cannot, consequently, be
used for polarized track or line control.

On short track circuits on either steam or electric roads,
the vane relay will generally prove to be more economical
than a two-element relay because the latter is burdened with
the power required for its locai winding, which latter power is
constantregardless of thelength of track circuit. For thisaddi-
tional reason the vane relay is the best for use on detector
circuits or for single rail track circuit work on D. C. electric
roads where the track circuits are comparatively short.

4. Power Data—The curves shown in Figs. 41, 42, 43
and 44 cover the approximate power required for the oper-
ation of both steam and double rail D. C. electric road track
circuits of various lengths employing single element vane
relays; for single rail track circuits on D. C. electric roads,
the same relay winding is employed as for steam road cir~
cuits (2.65'—1.5*0.56 PF on 25 cycles and 4.5"1.5* 0.56 PF
on 60 cycles) and after determining the amount of resistance
to be inserted between the relay and the track and between
the transformer and the track to take care of the known
propulsion drop, the power at the transformer may be cal-
culated according to the method described in Chapter XIII.
It was by this method that the curves in Figs. 41, 42, 43
and 44 were determined.
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Fig. 45. Ironless Galvanometer Relay.
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a

THE IRONLESS GALVANOMETER RELAY.

1. Description. Of two-element relays, those working
on the galvanometer principle are, perhaps, the simplest and
most easily understood, and it is now proposed to describe
the construction and theory of operation of the well-known
Ironless Galvanometer Relay shown in Fig, 45.

The vital parts of this relay (Fig. 46) are the local coils I,
and the armature or track element 2 the local coils 1 are
firmly secured to a brass supporting frame attached to the top
plate, while on jeweled pivots 27, armature 2 swings inside
the local coils as shown. The armature shaft carries a crank
at its left end, which is connected to an operating link 25,
actuating the bar 4, pivoted at 26, carrying the contact fingers
8. The detailed construction of the contact posts, with their
terminals and blocks, insulating them from the cast iron top
plate, will be evident from an inspection of Fig. 46, the relay
being in the de-energized position, with the front contacts
open.

The armature consists of a comparatively few turns of
heavy wire formed, and then clamped to, but carefully in-
sulated from, a kind of swinging frame attached to the arma-
ture shaft; in order to secure a perfect balance, small adjust-
able counterweight nuts are provided on each side of the
frame. Current is lead into the armature coil from the track
terminals at the right of the front view, through the vertical
brass extension strips 23 and 24, to flexible copper sgirals sol-
dered at their inner ends to the terminals of the armature
coil, these terminal wires running along the right hand por-
tion of the armature shaft. The stationary local coils are
connected by vertical terminal leads to posts near the middle
of the top plate. The armature is prevented from striking
the local coils when it picks up, by stop screws 29.

2. Theory of Galvanometer Relay. The electrical prin-
ciple on which the galvanometer relay operates will be readily
grasped from a study of Fig. 48, which shows the local coils,
armature and operating mechanism. of a two-position relay
in simple diagram form. The local coils L. are connected so
that when a current flows through them, magnetic fields of
the same instantaneous direction as shown are created; it is a
fundamental fact that, whenever a current flows through a
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4 fronts 0 backs
2 fronts 0 backs

Fig. 46. Two Position Ironless Galvanometer Relay.
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conductor, a magnetic field is created about that conductor,
and the direction of the magnetic flux circles about the con-
ductor can be predetermined by what is known as the ““Cork-
screw Rule,” which states that, if the forward motion of a
corkscrew which results as it is turned in a clockwise direc-
tion is taken to represent the direction in which the
circuit is flowing in the conductor, then the magnet-
ic flux circles are circulating around the conductor In
the same direction as the corkscrew is being turned. Of
course, as the cork-
screw is backed out
of the cork, it has
to be turned coun-
ter-clockwise, and,
consequently, the
flux circles turn in

a counter-clockwise
direction when the
current is flowing
in the conductor in
the same direction
as the corkscrew is
being backed out.
The fields pro-
duced in the upper
and lower halves of
the local coils, are

Fig. 48. Magnetic Flux Relationships of course, opposite
Ironless Galvanometer Relay.

in direction, be
cause the currents
are flowing, say, loward the observer in the top halvesand away
from the observer in the lower halves, due to the fact that the
current has to flow continuously in loop fashion around the
coils. When the current flows around armature A toward the
observer in the left hand side of the armature, a field is created
according to the Corkscrew Rule, which is in the same direc-
tion as the field in the top half of the left hand local coil, so
that attraction results and the left hand side of the armature
is pulled upward; the fleld in the lower half of the left hand
local coil is in opposition to the field created in the left hand
side of the armature, so that repulsion results, and the arma-
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ture is again thrust upward. By a similar process of reason-
ing, it will be found that the right hand side of the armature is
attracted toward the bottom half of the right hand local coil,
and is repelled from the top half of the same local coil. Of
course, the above directions in polarity hold only for one-
half of the alternating current period; however, during the sec-
ond half of the period. when the current is reversed, it is re-
versed in all coils, and the same attractions and repulsions
result as before, so that there is a continuous torque tending
to turn the armature in a clockwise direction to close the con-
tacts, as shown in Fig, 48. When current ceases to flow in
the armature, the attractions and repulsions cease and coun-
* terweight W acts, by gravity, to open the contacts.

It will be noted that by means of a pole changer, as shown
in Fig. 34, Chapter III, the direction of current in the relay
armature can be separately controlled, so that the magnetic
fields produced in the right and left hand sides of the arma-
ture may be reversed in direction, causing the armature to
swing in one direction or the other, as desired; it is to be
remembered that the pole changer does not reverse the cur-
rent in the local coils, as they are permanently connected to
their feeding transformer. Therefore, by means of a pole
changer, the currents in the track and local elements may be
placed in phase or 180 degrees out of phase, depending
on the position of the pole changer.

f Fig. 49. Method of Counterweighting Three Position Relays.

f This means that the relay may be caused to operate
in three positions, as shown in Fig. 49. In such a relay,
the armature lifts a counterweight, W, no matter which
way it swings; when the armature is de-energized, one or
the other of the counterweights causes the armature to return ;
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to the horizontal, or neutral, position, where all contacts are
open. Thus, the relay may be used for controlling home and
distant, or. three-position, signals, without the use of line
wires for .the distant, or caution, indication, as will be
gathered from Fig 34, Chapter II1.
It ought to be noted that the greatest turning force is ex-
erted on the armature, and the greatest pressure results on the
_contacts only when the armature current and the local cur-
rent are either in phase or 180 degrees out of phase; then full
attraction or full repulsion occurs. With other phase rela-
tions, the torque on the armature falls off; for example, if the
armature and local currents were in quadrature, the armature
would not pick up, even with a heavy current flowing it in,
for there would be four times during each period when one or
the other of the two currents would be zero, while the cther
were a maximum, under which conditions no torque would be
produced in the armature. It will be evident, therefore, that
it is highly important to approximate in practice as closely
as possible the ideal phase displacement of zero degrees or
180 degrees between track and local currents, if good pressure
on the contacts is to be obtained with a fair amount of power.
With only an alternating current flowing in the local coils
of the ironless galvanometer relay, foreign direct current in
the armature would not pick the armature up; the rapid re-
versals of the alternating magnetic field due to the local ccils
would be too ragid for the armature to follow, it being of con-
stant polarity, due to the D. C. flowing through it. The relay
is consequently immune to direct current.

3. Characteristics of the Ironless Galvanometer Re-

lay and Where it is Used. (a) Although the ironless gal- .

* vanometer relayis not so economical in power as some of the
other two-element relays, itis of a very simple rugged construc-
tion, and allits parts arein full view so that they can be readily
inspected. Furthermore, the mechanical clearances are large
and there are no air gaps to clog. Like the vane relay, many
thousan _s of these relays are in service and are giving excel-
lent results.

(b) The relay is perfectly immune to direct current, and
hence is especially adapted for use on electric roads using
D. C. propulsion, as well as on steam roads. As itis a two-
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element relay, it is intended for use on long track circuits,
where a single element relay would take too much power.

(c) From what has previously been said, it is evident that
the galvanometer relay may be used as either a two-position
or a three-position relay.

4. Power Data. The curves shown in Figs. 50-55 cover
the approximate track circuit power required for the oper-
ation of the ironless galvanometer relay on both steam and
electric road track circuits of various lengths; the relay local
is of course fed separately, the power required by the local
being given in the heading of each diagram. The power data
given for the track element in each heading is based on the
track and local currents being in phase, but the track circuit
vector diagram, constructed as described in Chapter XIII
will in many cases indicate that when the relay is actually
operating under the given set of track circuit conditions, the
track and local element currents are not exactly in phase;
hence the voltage and current at the track transformer must
be increased to compensate for this imperfect phase relation-
ship and the curves shown in Figs. 50-55 have been so correct-
ed so as to apply to actual conditions. For a full discussion of
this correction factor see Chapter XIII.
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Iron Galvanometer Relay.

Fig. 56.
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THE IRON GALVANOMETER RELAY.

1. Description and Theory. Another important two-
element relay, known as the Iron Galvanometer Relay, is
illustrated in Figs. 56 and 57. This relay is exactly the same
in principle as the Ironless Galvanometer Relay previously
described, and the constructive design of the two relays would
be very much th= same, if it were not that an iron magnetic cir-
cuit is used in the Iron Galvanometer Relay. As with the
Ironless Galvanometer Relay, this relay operates most eco-
nomically when its track and local elements are exactly in
phase or 180 degrees out of phase.

The inverted U-shaped iron field magnet is clearly shown
in the sectional side view of Fig. 57, where it will be seen that
the local coils 1 and 2 are supported on the poles of the field
magnet; the local coils are connected in series. A cylindrical
iron core visible in the sectional back view is hung from the
field yoke down within the interior circular bore of the field
magnet, so that the hollow armature coil 3 may swing on its
pivots 24 in the air gap between the cylindrical core and the
field magnet. The contact bar 5 with its operating lever is
actuated from the armature through pin 29 carried on a bar
attached to the bottom of the armature shown in Fig. 57. -

The object of using iron field cores is to make the relay more
cconomical in the way of power than a similar ironless relay,
as, of course, a strong magnetic field can be produced with a
small energization of the local magnetizing coil when an iron
coreis used. Due to the fact that the magnetic flux is rapidly
alternating in the cores,they are built up of thin sheets of steel
painted on both sides to prevent the alternating magnetic flux
from inducing heavy currents in the field structure, just as the
flux induces the operating currents in the vane of the vane
relay. These induced currents, known as eddy currents, tend
to flow, of course, at right angles to the direction in which the
flux is moving as per Fleming’s Rule described in Chapter 11,
so that, if the field structure is built up of thin painted steel
stampings (known as laminations), piled in the direction of the
armature shaft, the eddy currents cannot flow, because they
are of low voltage and the paint on the laminations is of com-
paratively high resistance. Practically all alternating cur-
rent apparatus is made up with laminated cores to save the
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: INVERTED PLAN VIEW
PLAN VIEW BOTTOM PLATE REMOVED

SECTIONALIBACKKVVIEW SECTIONAL SIDE VIEW

CONTACT EQUIPMENTS.

4 fronts 4 backs | 4 fronts 2 backs
4 fronts 0 backs

Fig. 57. Two Position Iron Galvanometer Relay.
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INVERTED PLAN VIEW
PLAN VIEW BOTTOM PLATE REMOVED

SECTIONAL BACK VIEW SECTIONAL SIDE VIEW

CONTACT EQUIPMENTS.

4 contacts in each direction
3 contacts in each direction

2 contacts in each direction

Fig. 58. Three Position Iron Galvanometer Relay.
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losses in power which would otherwise result from the heat-
ing due to the eddy currents. This statement applies not
only to the iron galvanometer relay, but to the vane relay
as well.

2. Characteristics of the Iron Galvanometer Relay
and Where it is Used. (a) Theiron galvanometer relay can
be made for operation in either two or three positions, and
is, therefore, adapted to polarized wireless signaling.

(b) Having an iron core, it is more economical than the
ironless galvonometer relay previously described, but due, to
the use of the iron core, theiron galvonometer relay is not
absolutely immune to very heavy direct currents under cer-
tain conditions. Consequently, it is intended for use only
on steam roads, where it has seen an extensive and success-
ful application.

3. Power Data. The curves shown in Figs. 59 and 60
cover the approximate track circuit power required for the
operation of the iron galvanometer relay; the relay local is of
course fed separately, the power required by the local being
given in the heading of each diagram. - The power data given
for the track element in each heading is based on the track
and local element currents being in phase, but the track cir-
cuit vector diagram constructed as described in Chapter XIII,
will in many cases indicate that when the relay is actually
operating under the given set of track circuit conditions, the
track and local element currents are not exactly in phase;
hence the voltage and current at the track transformer must
be increased to compensate for this imperfect phase relation-
ship and the curves shown in Figs. 59 and 60 have been so
corrected so as to apply to actu§l conditions. For a full dis~
cussion of this correction factor see Chapter XIII.
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Fig. 61. Model 12 Polyphase Relay.
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MODEL 12 POLYPHASE RELAY.

1. Description. Polyphase relays are, perhaps, the
most economical relays for track circuit work, although they
are characterized by a more delicate construction than the
vane and galvanometer relays previously described. Poly-
phase relays are of the two-element type, with two sep-
arate and individual coils, wound, however, on the same
iron core and producing motion in a metal drum without
windings, in much the same fashion as the vane in a vane re-
lay is caused to rotate; in fact, the metal drum of the poly-
phase relay corresponds exactly to the vane of the vane relay.
The outside laminated core, with its two windings, is known
as the stafor and the metal drum is called the rotor. The
Model 12 polyphase relay is shown in Fig. 61.

Its construction is shown in Figs. 62 and 63, the first of
which shows the elements of the operating mechanism, and
the second the relay in detail. The case of the relay consists
of a rectangular front portion which houses the contact fin-
gers, operating gears and links, and supports the slate top
plate carrying the contact posts and terminals; cast integral
with the rectangular portion of the case is a cylindrical por-
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Fig. 62. Operating Mechanism Model 12 Polyphase Relay.
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SECTIONAL FRONT VIEW i

INVERTED PLAN VIEW

CONTACT EQUIPMENTS.
10 fronts 2 backs 10 fronts 0 backs

8 fronts 4 backs  frc

8 fronts 2 backs,

8 fronts O backs |

6 fronts 6 backs

6 fronts 4 backs

6 fronts 2 backs

6 fronts 0 backs

4 fronts 6 backs

4 fronts 4 backs

4 fronts 2 backs

4 fronts 0 backs

2 fronts 6 backs

2 fronts 4 backs

2 fronts 2 backs

2 fronts 0 backs

Fig. 63.

Two-Position Model 12 Polyphase Relay.
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This relay may also be provided with contacts closed only in the
de-energized position of the relay; such a contact takes the same

as one complete three-position (pos. and neg.) contact.

Fig. 64. Three-Position Model 12 Polﬁhu Relay.
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tion at the back, which houses the motor operating mechan-
ism—that is, the stator and the rotor. The stator S, with its
coils, is shown assembled in the cylindrical portion of the case
in Fig. 62; the four terminals of the two stator coiis are located
on the rectangular portion of the case just at the right of the
stator in Fig. 62, whichalso illustrates the metal drum or rotor
D, which turns in the air gap between the stator and central
laminated core K shown in cross section. The rotor is pivoted
at its closed end in a jeweled bearing 25, Fig. 63, carried by
the end plate of the stator case, while at its open end it is sup-
ported in a similar bearing carried by a stud projecting from
the rectangular portion of the case, also shown in the sectional
side view, Fig. 63. The righthand end of the rotor shaft carries
a small pinion P, Fig. 62, driving a segmental gear V, which
in turn operates the shaft carrying the contact fingers through
a crank and operating link 3, Fig. 63. One of the windings on
the stator is a local coil, which is, of course, continuously ener-
gized directly from a transformer or some other source of al-
ternating current power; the other element or winding is fed
from the track, and, when both elements are energized, the
rotor is caused to spin around so as to close the relay contacts
through the pinion, segmental gear and links above mentioned.
When the contacts are fully made, the rotor stalls, still main-
taining torque to keep the contacts closed. A counterweight
is attached to the shaft of the segmental gear, so that it drops
by gravity, causing the rotor to spin backward to open the
contacts when the relay is de-energized. As will presently
be explained, the relay can be made to operate in either two
or three positions,
as desired, depend-
ing on the direction
in which the rotor
is made to move.
The relay shown in
Fig. 63 is shown in
the de-enegized
position, with its
front contacts open.

2. Theory of
the Polyphase
Relay. - Polyphase

Fig. 65. Metal Disc, Dragged around
by Induction.
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relays operate on what is known as the Induction Motor prin-
ciple, which will be understood from a consideration of Figs.65,
66 and 67. If, in the former drawing, the permanent magnet P
is caused to revolve about the periphery of the metal disc D,
then the disc will be dragged around in the same direction in
which the magnet is being moved. The motion of the metal
disc results because of the fact that the strong moving field,
due to the permanent magnet P, induces currents in the disc,
which themselves set up a field, reacting on the field of the
magnet in such a manner as to pull the disc toward the mov-
ing magnet. In other words, these mutual forces, accord-
ing to Lenz’s Law, tend to diminish the relative motion of
magnet and disc; as the magnet is moved positively around
by hand, the disc, consequently, has to follow.

We must now consider how it is possible to induce such
currents in the metal drum, or rotor, of the polyphase relay
in such manner that a continuous turning effect will be pro-
duced by the mutual action béetween the rotor currents and
the field which causes them. Evidently, it would be impos-
sible to obtain such a result with but one inducing current in
the stator, because the magnetic field produced thereby would
merely oscillate in direction along one line, and the field due
to the currents induced in the rotor would likewise oscillate
along the same line. If we can cause the current in the stator
coils to produce a field which, instead of oscillating along a
fixed line, always
oscillates along a
line which constant-
ly rotates around
the center, always

in the same direc~ K
tion, then the de- 5
sired result can be 0//
obtained. Fortun- 5
ately, such a rotat-

ing field can be pro- Fig. 66. Quadrature Currents in
duced, if, instead of Polyphase Relay.

a single stator wind-

ing, we employ two similar but distinct windings on the field,
taking care to supply these two elements with two alternating
currents of the same frequency, but differing in phase by a
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quarter of a period, or 90 degrees, as shown in Fig. 66, where
it will be observed that, when one current A is at its maxi-
mum, the second current B is zero, and vice versa, while at
_four points in a complete cycle they have equal numerical
values; at two of these points they are of the same sign,
either both positive, as at R, or both negative, as at T; in the
other two cases, they are of opposite sign, as at S and U.
. We have now to show how much such currents can, when
passed through two distinct windings, produce a rotating
_ magnetic field; Fig. 67 shows two windings in their simplest
1+ form, AA representing, in section, a single coil ar loop of
wire placed horizontally, and BB a similar coil fixed at right
angles thereto. A current passing through coil AA will pro-
duce a field in the vertical direction, as represented at XY,
while a similar cur-

% rent in coil BB will
B set up a horizontal
el 3 field RS. - Now,
o Vi
e __le \ what we have to

\ consider iz the
strength and direc-

/ |
1
s \
S al i R  tion of the resultant
QY .
i
!

Aieios / A field produced by
\ g two coils, which
':‘ _____ K / field will, of course,
Tl be determined by
; the relative values

B 5
Y of the respective

instantaneous cur-

Fig. 67. Illustrating Production of Rotating  yents in the two

M tic Field. : 1
REE coils,. as shown in

Fig. 66. For example, when A is at its maximum and
B is zero, the field due to A may be represented in strength
and direction by line OC, and this is the resultant field, since
the current in B is then zero; 45 degrees later, as at R in Fig.
66, the two currents are equal. Let OE in Fig. 67, drawn to
the same scale as OC, represent the field due to A; then the
equal line OD will represent the field produced by B. - Com-
plete the parallelogram and we obtain line OF, representing
the strength and direction of the resultant field at this instant.
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In the same manner, we can find line OG, representing the
resultant field 45 degrees later still, when B is maximum and
A is zero. Obviously, the resultant field has rotated 90 de-
grees from the direction OC to the direction OG, during a
quarter cycle, and, by proceeding further, we should find that
the resultant field rotates uniformly about point O, making
a complete revolution for every complete cycle of the currents
in the stator coils. OH, for example, corresponds to the time
Sin Fig. 66. This rotating field induces current in the metal
drum, or rotor, of the polyphase relay and causes it to
rotate, just as the dis¢c shown in Fig. 65 is dragged around by
the magnetic field of the moving permanent magnet. A study
of Figs. 66 and 67 will make it evident that the rotor can be
dragged around in one direction or the other, as desired, de-
pending on the time phase relation of the currents in the track
and local windings; for example, if the track current lags 90
degrees behind the local current, the rotor will turn, say,
clockwise, while, if, by ‘means of a pole changer, as shown in
Fig. 34, Chapter 111, ‘the track current is caused to lead the
local current by 90 degrees, the rotor would rotate counter-
clockwise. « The relay may, therefore, be made to operate in
either two or three positions. Furthermore, it will be noted
from Figs. 66 and 67, that the relay works best when its track
and local currents are in quadrature; if the two currents were
in phase, the magnetic field would not rotate at all, and the
contacts would not be closed, even if beth elements were fully
cnergized. Polyphase and galvanometer relays are, there-
fore, contrary in this respect, as the galvanometer works best
when the currents in the two elements are in phase. Of
course, the winding usually connected to the track could be
connected to a line, if necessary, so that the relay could be used
for line work, in which case the line element would generally
be wound for 110 volts.

3. Characteristics of Model 12 Polyphase Relay and
Where it is Used. (a) Inthe matter of power consumption
this relay is the most economical of all relays.

'(b) It is absolutely immune to direct current, and may,
therefore, be used either on electric roads using D. C. propul-
sion, or on steam roads.

(c) Itisalso operéble in either two or three positions, and

BTN i
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is, consequently, adapted to polarized wireless signaling, the
polarity of the track element in this latter case being controlled
by a pole changer shifted by the signal mechanism, as shown
in Fig. 34, Chapter III.

(d) Like all polyphase relays, the Model 12 relay is more
costly than simpler relays, such as the galvanometer or vane,
and its construction is necessarily more delicate. With care-
ful manufacture, however, polyphase relays can be depended
on to give excellent service, and many thousands of them
are in use.

4. Power Data. The curves shown in Figs. 68-71 cover
the approximate track circuit power required for the oper-
ation of the Model 12 polyphase relay; the local element of
the relay is of course fed separately, the power required by
the local being given in the heading of each diagram. The
power data given for the track element in each heading is
based on the track and local element currents being in quad-
rature, but the track circuit vector diagram constructed as
described in Chapter XIII, will in many cases indicate that
when the relay is actually operating under the given set of
track circuit conditions, the track and local element currents
are not exactly in quadrature; hence the voltage and current
of the track transformer must be increased to compensate for
this imperfect relationship and the curves shown in Figs.
69-71 have been so corrected as to apply to actual conditions.
For full discussion of this correction factor see Chapter XIII.
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Fig, 72. Radical Polyphase Relay.
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THE RADIAL POLYPHASE RELAY.

1. Description. Another very efficient and compact
polyphase relay, illustrated in Figs. 72, 73 and 74, is known as
the Radial Type, and is characterized by a very ingenious ar-
rangement of the contact fingers and terminal posts. The
induction motor movement is housed at the right of the relay,
as illustrated in the sectional side view of Figs. 73 and 74.
The four terminals for the track and local coils project from
thestator case, two on either side, as shown in the lower front
views of Figs. 73 and 74. The motor mechanismitselfis exactly
similar to thatof the Model 12 polyphase relay previously de~
scribed, butit operates through link 5, Figs. 73 and 74, a porce-
lain wheel 4, shown at the exact center of the upper front view;
this porcelain wheel is slotted, or toothed, as shown, and as it
rotates one way or the other, it moves the movable contact
members projecting in the slots in the wheel. The contact
members and terminal posts are carried on a large porcelain
ring, so that it is easy to secure a nice arrangement of con-
necting wires. It will be seen, from Fig. 72, that the contacts,
and many of the moving parts, are within full view, and the
back of the stator case is provided with glass windows to
allow inspection of the induction motor movement.

2. Theory of the Radial Polyphase Relay. The the-
ory on which this relay operates is exactly the same as that
of the Model 12 polyphase relay previously described.

3. Characteristics of the Radial Polyphase Relay and
WherelItls Used. (a) The induction motor movement of
the radial relay is smaller than that of the Model 12 polyphase
relay, and, as a consequence, the radial is somewhat less eco-
nomical in the way of power.

(b) Working on the induction rotor principle, the radial,
like the Model 12 polyphase relay, is absolutely immune to
direct currents, and is, consequently, suitable for use on elec-
tric roads using D. C. propulsion, or on steam roads.

(c) Being a two-element relay, the radial can be made to
operate in either two or three positions, and is, consequently,
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5 fronts 5 backs 10 fronts 0 backs
4 fronts 2 backs 8 fronts 2 backs

Fig. 73. ' Two-Position Radial Polyphase Relay.
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This relay may also be provided with contacts closed only in the
de-energized position of the relay; such a contact takes the same
space as one ¢complete three-position (pos. and neg.) contact.
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Fig. 74. Three Position Radial Polyphase Relay
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suitable for use with the polarized wireless control system il-
lustrated in Fig. 34, Chapter II1.

(d) The arrangement of binding posts of the radial relay
is preferred by some to that of the Model 12 relay.

4. Power Data. The curves shown in Figs. 75-76 cover
the approximate track circuit power required for the opera-
tion of the Radial Polyphase relay; the relay local is of course
fed separately, the power required by the local being given in
the heading of each diagram. The power data given for the
track element in each heading is based on the track and local
element currents being in quadrature, but the track circuit
vector diagram constructed as described in Chapter X111, will
n many cases indicate that when the relay is actually oper-
ating under the given set of track circuit conditions, the track
and local element currents are not exactly in quadrature;
hence the voltage and current of the track transformer must
be increased to compensate for ‘this imperfect relationship
and the curves shown in Figs. 75-76 have been so corrected so
as to apply to actual conditions. For a full discussion of this
correction factor see Chapter XIII.
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Fig. 77. Centrifugal Frequency Relay,
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THE CENTRIFUGAL FREQUENCY RELAY

1. Function. The characteristic feature of track cir-
cuit apparatus for electric roads employing alternating cur-
rent for propulsion purposes is the track relay. Thus far, all
the alternating current roads in this country employ a pro-
pulsion current having a frequency of 25 cycles. Differentia-
tion between the propulsion current and the signaling cur-
rent is secured by using a higher frequency for signaling than
for propulsion; a 60 cycle current is now quite generally used
for signaling purposes. The track relay must, therefore, be
immune, not only to direct current (for foreign direct currents
leaking from adjacent D. C. interurban trolley roads must be
guarded against, as on many steam roads), but, in addition,
it must be able to select between the 25 cycle propulsion cur-
rent and the 60 cycle signaling current, closing its contacts
only on the latter.

2. Description of the Centrifugal Frequency Relay.
This relay, shown in Fig. 77, has an induction motor move-
ment consisting of a metal shell rotor A, Fig. 78, rotating in-
side a wire
wound stator B,
because of the
rotating mag-
netic field pro-
duced in the
stator by two
windings carry-
ing currents in
quadrature. In
fact, the motor
portion of the
centrifugal re-
lay is exactly
similar to .that
of the polyphase
induction motor
relays previous-
ly described, and is, of course, immune to direct current.

The shell rotor A, Fig. 78, is integral with a Y shaped metal

T
Fig. 78. Operating Mechanism Centrifugal
Frequency Relay.
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yoke C, carrying at E the pivots of the ball centrifuges D,
which, at their upper end F, engage in a slot in the sliding
collar G. When the rotor of the relay is running, the ball
centrifuges are thrown outward at their lower ends D, swing~
ing about points E. to pull the collar G downward; this
collar is attached, through a ball bearing, to a link H hooked
to the contact operating bar J pivoted at K.

3. Theory of the Centrifugal Frequency Relay. The
centrifuge arms and collar above mentioned work on the same
well known principle as the ball governor of a steam engine.
The speed at which aninduction motor operates in revolutions
per second is equal to twice the frequency of the currents flow-
ingin thestator windings, divided by the total number of poles
of the stator. Now, the stator winding of this relay is com-
posed of two elements, so that the relay may beeither a single
or double element relay, as required; in the single element re-
lay, the currents in the two windings are displaced in phase
by such artificial means as resistance or reactance in either
winding, while, in a two element relay having separate track
and local coils, proper phase displacement between the track
and local current is secured by the use of a reactance between
the transformer and the track. In any event, one element
of the winding is always connected to the track, so that leak-
age 25 cycle current from the propulsion system might enter
the relay. Due to the fact, however, that the speed at which
the rotor operates varies with the frequency, the centrifuge
arms will not fly out so far on 25 cycle propulsion current as
they will on 60 cycle signaling current, and it is by utilization
of this characteristic that the relay is made selective between
propulsion and signaling currents. The centrifuge member
is designed so that on 25 cycles the balls will not fly out far
enough to lift the operating collar sufficiently to close the con-
tacts. On 60 cycles, however, due to the fact that the speed
is over double what it is on 25 cycles, the centrifuge balls fly
out much further and the contacts close. It will be seen,
therefore, that, even on a two element relay, where 25 cycle
propulsion current might not only circulate through the track
element, due to unbalancing (see Chapter V), but might also
reach the local coil, on account of being stepped up into the
transmission system by the track transformers as a result of



132 ALTERNATING CURRENT SIGNALING.

unbalancing, therelay is stillimmune to the propulsion current,
because the speed of the rotor will not be sufficient to close
the contacts of the relay. For these reasons, the relay is
truly selective between the propulsion and signaling currents.

The operating movement of the relay, therefore, runs con-
tinuously. When a train enters the track circuit, the track
element of the relay is short circuited, and the relay starts to
slow down. Due to momentum, however, the moving ele-
ment has a tendency to keep rotating for a time, particularly
because it runs on ball bearings. Were it not for a braking
arrangement, the relay would be very sluggish in opening its
contacts. This braking arrangement consists of a magnetic
brake M (Fig. 78), actuating an armature N, carrying a brake
pad O, which engages with the brake disc L carried by the
rotating element of the relay. The coils of the magnetic
brake are connected in series with the track element of the
relay, so that, when there is no train on the track circuit the
full operating current flows through the track winding of the
stator and the brake coil in series, energizing the brake coil
so as to lift the brake pad O to free the disc .. The moment
a train enters the track circuit, current ceases flowing through
the brake coil and track element of the relay, and the brake
pad engages the disc, bringing the rotor to a stop, so that the
contacts are opened in about one-quarter of a second after
the track circuit is shunted. The brake is shown clearly at
the right of Fig. 77.

4. Characteristics of the Centrifugal Frequency Relay
and Where it is Used. (a) Thecontacts are never closed,
unless the rotor is running at the proper speed, as determined
by the frequency of the signaling current. Hence, if, for any
reason, the rotor is jammed, the centrifuge balls drop by grav-
ity, and the contacts are opened. This is an important safety
feature.

(b) Even as a single element relay, the centrifugal type is
the more economical than any other frequency type now on
the market. As a two element relay, it possesses the well
known economy characteristics of all two element relays, in
that only a small amount of power need be transmitted over

the track.
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(c) Itis, of course, distinctly a two-position relay,and per-
fect broken down insulation joint protection may be secured
when it is used as a two element relay, by staggering polarities
on opposite sides of the insulation joints, so that direction of
rotation of the induction motor movement will be reversed in
case both insulation joints break down. To prevent the con-
tacts being closed if the rotor reverses its direction of move-
ment, the rotating collar G, Fig. 78, operated by the centrifuge
arms, is provided on its periphery with ratchet teeth en-
gaging in one direction with a thin spring pawl when the relay
is de-energized. When the rotor moves in the proper direc-
tion, the spring pawl simply slides over the ratchet teeth on
the collar G at pick-up, but, as the collar is raised as the cen-
trifuge arms speed up, the ratchet teeth are lifted out of en-
gagement with the spring, and this slight element of friction
is, therefore, eliminated when the relay operates at full nor-
mal speed. When the relay is wound for single element work,
the direction of rotation of the induction motor movement
never changes, and, of course, the ratchet is then useless; in
other words, as a single element relay, the centrifugal type
does not afford broken down joint insulation protection, which,
however, may be said of all other relays of the single element
type.

It will be evident from the above description that the oper-
ating element of the relay rotates continuously, and to those
familiar with only D. C. relays for steam roads, a question will
no doubt arise as to whether the bearings of the relay and
other moving parts are not liable to wear out. Such would
very probably be the case if a great deal of care were not used
to provide the rotating movement with a fine set of ball bear-
ings, which are almost frictionless and will wear indefinitely,
because the weight of the operating movement is purposely
reduced to a minimum, so as to make the weight on the bear-
ings very slight. On account of its safety and power economy,
this relay has generally superseded the vane type frequency
relay next described, except in the case of electric detector
circuits in interlockings.

5. Power Data. The curves shown in Fig. 80 cover
the approximate track circuit power required for the oper-
ation of the Centrifugal Frequency Relay; the relay local is of
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course fed separately, the power required by the local being
given in the heading of the diagram. The power data given
for the track element is based on the track and local element
currents being in quadrature, but the track circuit vector
diagram constructed as described in Chapter XIII, will in
many cases indicate that when the relayis actually operating
under the given set of track circuit conditions, the track and
local element currents are not exactly in quadrature; hence
the voltage and current of the track transformer must be
increased to compensate for this imperfect relationship and
the curves shown in Fig. 80 have been so corrected as to
apply to actual conditions. For a full discussion of this cor-
rection factor see Chapter XIII.
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Fig. 80. Power Curves Centrifugal Frequency Rélay on Double Rail End
Fed Track Circuit, Single Track A. C. Electric Road.

The winding and power data given in Fig. 80 apply to a
relay primarily intended for a single track road. Where a
multiple track road is to be signaled and the tracks are cross
bonded, a special winding must be provided if adequate broken
rail protection is to be secured. The track element for this
special winding takes 0.35 volts—4.8 amperes at 0.65 P. F.
and the local winding takes 0.1 ampere at 1.0 P.F. on 110 volts.
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Fig. 81. Vane Frcquenc‘y Relay.
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THE VANE FREQUENCY RELAY.

1. Description. The essential elements of this relay,
illustrated in Fig. 81, are a laminated H-shaped iron core,
carrying magnetizing coils, energized from the track, which
induce currents in a moving vane, operating the front con-
tact 10, through a link 4, as shown in Fig. 82, the relay here
being shown in the de-energized position, with the back con-
tacts closed. . The vertical legs of the H-shaped iron core I,
Fig. 83, are bent inwards to enclose the vane V, which is cut
out in the middle, so as to not interfere with the middle leg
of the H-shaped core. = This middle leg carries the magnet-
izing coils TT connected in series and receiving energy from
the track. All four bent-in legs of the H-shaped core arepar-
tially surrounded by copper ferrules F, which split the mag-
netic flux and cause the vane to be dragged upward toward
the ferrules by a rotating magnetic field, just as in the case
of the ordinary single element vane relay described previous-
ly. The vane, therefore, is acted upon by two opposing
forces, since the two sets of ferrules at opposite ends of the
core are both trying to make both ends of the vane rotate
upward about its axis PP.

2. Theory of the Vane Frequency Relay. At the left
end of the core, however, the air gap in which the vane swings,
is greater than that at the right end, and this tends to cut down
the flux, and consequently, the upward pull on the left half of
the vane. The main portions of the legs of the right half of
the core are surrounded by copper ferrules CC, which choke
back the flux somewhat in that part of the core, so that, in
turn, the upward drag on the right half of the vane is dimin-
ished. The air gap at the left end of the core, and the fer-
rules CC on the right half of the core, are so proportional that
when 25 cycle propulsion current flows in coils TT, the up-
ward pulls on the opposite ends of the vane will just ke equal,
and, of course, opposite, so that the resultant torque exerted
on the vane is zero; the vane is counterweighted, however, to
rest on a back stop, keeping the front contacts open. ' Now,
when 60 cycle signaling current flows through the coils TT, the
above balance is destroyed, for, whereas the reluctance of
the left hand air gap remains unchanged, the choking effect
of the ferrules CC is greatly increased so that the greater
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part of the flux flows through the left half of the core; under
these circumstances, the upward pull on the left half of the
vane is the greater than the pull on thé right hand half, and
the vane is dragged upwards on the left’hand end to close t,he.
relay contacts. The torque effects creéted in the two ends ofA

the vane by. the 25
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3. Characteristics of the Vane Frequency Relay and
Where it is Used. (a) Vane typefrequency relays possess
the advantage of simplicity, but they naturally can be wound
only as single element relays. Due to this fact, they are not
as economical of power as Centrifugal Frequency relays and
are nowadays used principally on short track circuits, as, for
example, in electric detector circuit work, to which they
are well fitted by their quick action.

4. Power Data. The curvesshown in Fig. 84 cover the
approximate power required for the operation of the vane fre-
quency relay on an end fed single rail track circuit on a four
track road. In making up the curves sufficient resistance
has been inserted between the relay and the track and be-
tween the transformer and the track to take care of a propul-
sion drop of 15 volts per 500 ft. of truck circuit. Depending
upon the number of tracks and the distance of the trolley
above them the impedance of the rail circuit is variable and
the reader is referred to the series of tests made on the New
York, New Haven & Hartford under the direction of Messrs.
Scott and Copley and described in the 1908 Proccedmgs of
the A. I, E. E.
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TRACK CIRCUITING ON ELECTRIC ROADS



CHAPTER V.
TRACK CIRCUITING ON ELECTRIC ROADS,

General Considerations. Perhaps the most interesting
application of alternating currents in railway signaling occurs
in their use on the track circuits of roads using electric propul-
sion. Thisin a way may be considered as the general or broad-
est case of the A. C. track circuit, for here we meetwith all the
problems usually encountered in the steam road A. C. track
circuit, and, in addition, are forced to provide an electrically
continuous return path for the propulsion current from track
circuit to track circuit, while still, in a signaling sense, preserv-
ing between adjacent track circuits the insulation essential
for their individuality. At first glance, these requirements
seem paradoxical, and, in fact, a considerable amount of in~
venting and experimenting was done before a successful solu-
tion of the problem was arrived at. It is the object of this
chapter to describe the present day methods employed in the
track circuiting of roads using electric propulsion, whether
direct or alternating.

THIRD RAIL OR TROLLEY WIRE~y

Fig. 85. [Illustrating Effect of Propulsion Drop.

Their immunity to direct current has been the prime factor
in bringing A. C. track circuits into extensive use on steam
roads, while their simplicity and economy in maintenance has,
incidentally, added to the attractiveness of this system. On
electric roads, the employment of A. C. track circuits is im-
perative, as will be evident from a study of Fig. 85, where it
will be noted that the continuity of the upper rail has been
maintained for the return of the propulsion current back to
the negative side of the main power generator G, the lower
rail being cut and insulated for track circuit signaling pur-
poses; with this arrangement, there is a voltage drop all the



144 ALTERNATING CURRENT SIGNALING.

way along the continuous return rail, proportional to the
strength of the propulsion current and the resistance of the
return rail, this latter quantity depending, of course, on the
weight of the rail and thelength of the track circuit. With a
train at B, traveling in the direction of the arrow, a voltmeter V,
connected as shown, will, therefore, in the case of a direct
current road, indicate a considerable D. C. drop, and this
drop will appear directly across terminals A and C of the
track relay X, since there is a low resistance connection over
the lower rail and the axle of the train between points B and
C. If a direct current track relay were used, it would pick
up, even with a train in the block, providing the above drop
in the return rail due to the propulsion current were high
enough. This can be guarded against, first, by making the .
track circuits short and by increasing the carrying capacity
of the return, either by bonding the return rail to an elevated
structure, when the latter is available, or by providing a heavy
cable in multiple with the return rail, both of which expedi-
ents will diminish the resistance of the return, and, second, by
arranging the polarities of the signaling current and the pro-
pulsion current in opposition, so that, if a polarized track re-
lay is used, the relay will be caused to close its contacts when
signaling current flows through its coils, but will open its con-
tacts with an excess of propulsion current. Even with a
polarized relay, however, the direct current track circuit
scheme leaves much to be desired, because the direction of
the propulsion current may vary, due to a change in the dis-
tribution of the load, depending on the geographical location
of the trains in relation to the power house. Altogether,
therefore, the direct current track circuit is limited in its scope
and is not fitted for use on electric roads. On the other hand,
alternating current track circuits using relays of the vane,
galvanometer, or induction motor type, are absolutely im-
mune to direct current, regardless of both its volume and di-
rection. Such relays respond only to alternating current and
are inherently strictly selective. Alternating current track
circuits have, therefore, come into general use everywhere on
electric roads.
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SINGLE RAIL TRACK CIRCUITS FOR DIRECT
CURRENT ROADS.

1. Description and Theory. The first and simplest
scheme involving a division of a road into independent track
circuits, while still providing an unbroken return path for the
propulsion current, is the single rail return track circuit illus-
trated in Fig. 86, where it will be noticed that the upper rail
provides a continuous path for the return current to the
power generator G, the lower rail being blocked off by insula-
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Fig. 86. Single Rail A. C. Track Circuit.

tion joints into sections for signaling purposes. Depending
upon the volume of the propulsion current in the continuous
rail, as well as upon its resistance and the length of the track
circuit, a certain D. C. voltage will be impressed across the
terminals of the A. C. track relay X, as explained in connec-
tion with Fig. 85, and even when there is no train in the
block, as for example in Fig. 86, a direct current will still low
through not only the relay, but also through the secondary
coil of the track transformer T. This results from the fact
that the transformer secondary, the lower or block rail and
the relay coil in series constitute a multiple path for the pro-
pulsion current around the return rail between A and the
point where the transformer is connected to the return rail.
The strength of the direct current flowing through the relay
and transformer will, of course, follow Ohm'’s Law, varying
directly with the D. C. propulsion drop between the above
points on the return rail, and inversely with the sum of the
resistances of the relay and transformer secondary with their
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track leads, together with the complete rail circuit connect-
ing relay and transformer.

The direct current thus caused to flow through the relay
and transformer secondary in no way affects the safety of the
track circuit, because the relays (vane, galvanometer, or in-
Juction motor type) are purposely designed to respond only
to alternating current, as explained in Chapter IV. It is
immediately apparent though, that while the relay and trans-
former secondary may have a high impedance or choking
effect on the signaling current because of its alternating char-
acter, the ohmic resistance to a steady direct current may
easily be quite low; consequently, if some means are not pro-
vided to cut down the direct current flowing from the return
rail, the relay and the transformer may actually burn up.
Aside from this, however, is the fact that the laminated iron
cores of both relay and transformer may be highly magnetized
by the direct current flowing through the coils. If sufficient
direct current flows through the transformer secondary, its
core may be magn=tically saturated, with the result that the
impedance of the primary coil falls, and an excessive current
is drawn from the signal transmission line. As for therelays,
those of the vane and induction motor type would likely be
sluggish in their movements, due to the damping effect of the
heavy direct current field, while those of the galvanometer
type would likely chatter badly.

2. Limiting Resistances and Impedances. The most
apparent way to limit the strength of the direct current flow-
ing through the relay and transformer secondary is to insert
resistance in the circuit, and this is quite generally done.
The typical case illustrated in Fig. 86 shows resistances R;
and R; inserted between the relay and the track, and between
the transformer and track respectively. In the case of short
track circuits of 200 feet or 300 feet in length, where only
relatively small currents of say 1000 amperes flow in the pro-
pulsion rail, resistances R; and Ry may be simple tubes of
the proper capacity, as shown in Fig. 135, page 221, but on
heavy traction roads, such, for example, as the Interborough
Rapid Transit, where the currents in the propulsion rail may
run as high as 3000 amperes and the track circuits are nearly
1000 feet long, heavy cast iron grids of great radiating ca-
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pacity such as that shown in Fig. 144, page 237, must be em-
ployed in both the transformer and relay circuits. In the
case of the transformer, of course, the series resistance Ry not
only serves *o cut down the direct current, but in addition
limits the short circuit A. C. signaling current with a train on
the track circuit.

In very heavy propulsion systems the track relay may be
still further protected by the use of an impedance coil Fig. 141,
page 233, connected across the track terminals of the relay,
as shown at Z in Fig. 86; this coil, which consists simply of a
few turns of heavy wire wound around a laminated iron core,
has a dead or ohmic resistance much less than that of the re-
lay coil, so that the impedance coil acts as a by-pass to shunt
the larger part of the direct propulsion current out of the re-
lay, the alternating signaling current being choked back out
of Z, due to the latter’s self-induction.

Impedances, consisting of a coil of wire wound on an iron
core, are never used on single rail track circuits for D. C. elec-
tric roads to limit the short circuit current flowing from the
transformer to the track with a train in the block, as is the case
on steam road track circuits. From what has already been said
regarding transformers for single rail work it will be realized
that the magnetizing action of the direct current flowing from
the return rail because of the propulsion drop would saturate
the iron core of an impedance, and then the reactance or
choking feature of the impedance would be lost; the ohmic
resistance of the coil would then constitute the only limit on
the transformer short circuit current. For this reason, a
simple resistance is always used on single rail track circuits for
D. C. electric roads.

3. Transformers for Single Rail Track Circuits. To
guard against the core of the track transformer becoming
saturated due to the passage of propulsion current through its
secondary, it is customary to provide an air gap in the mag-
netic circuit; such transformers are generally used on single
rail track circuits, particularly on D. C. electric roads, and
are known as open magnetic circuit transformers. They are

fully described in Chapter VI.

4. Relays for Single Rail Track Circuits. While any of
the usual A. C. relays, the vane, ironless galvanometer or

ol il b
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polyphase induction motor type, may be used in connection
with single rail track circuits, the general practice has been to
use the vane, because of its simplicity and relatively high econ-
omy on short track circuits to which the single rail scheme in
generally limited.

In some cases, where the propulsion current in the return
rail is not too heavy and the track circuit is not too long, the
relay may be wound to such a high resistance that no external
limiting resistance will be required between the relay and the
track as at Ry, Fig. 86. In the case of the detector circuits
in the Pennsylvania New York terminal it was found possible
to follow this scheme; here, however, the propulsion drop in the
return rail amounted to only 4.5 volts D. C. On the other
hand, in the New York Subway (Interurban Rapid Transit),
a propulsion drop of 22 volts D. C. had to be allowed for, the
track circuits being longer thanin the case of the Pennsylvania,
and both resistance R; and impedance Z, Fig. 86, had to be
used to protect the relay.

5. Characteristics of Single Rail Track Circuits and
Where They are Used. Single rail track circuits may be
used wherever one of the running rails can be given up for
signaling purposes. This may be a sacrifice, however, on
heavy traction roads, especially where there is no elevated
structure to be bonded to as an auxiliary return, and the
power department of the road is likely to object to single rail
circuits because of the increased drop in the return system.
On the other hand, there are many cases where single rail
track circuits may be used and still have sufficient return ca-
pacity for the propulsion system, as, for example, in inter-
lockings, where many return rails may be bonded together.

QGranted that one of the rails may be given up for propul-
sion purposes, the signal engineer may make his single rail
track circuits just as long as the propulsion drop will permit.
The first thing to be determined, then, is the exact amount
of propulsion current to be taken care of, so that, knowing
the resistance of the rail, the propulsion drop per hundred
feet of continuous rail may be calculated. Knowing just
whatD. C. voltage the track relay and transformer can stand
(taking into account if necessary the limiting resistances and
shunt impedance above described), it is then a simple matter
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to determine the maximum permissible length of single rail
track circuit. Theoretically, of course, relays, resistances,
transformers, etc., might be designed to work on any length
of track circuit, but practically a limiting length is reached,
which, if passed involves excessive power losses in the resist-
ances and very expensive track circuit apparatus generally.
This is a matter which should receive the joint attention of
the signal engineer of the road and the company manufactur-
ing the apparatus.

On account of their relative simplicity and adaptability to
fouling protection and complicated track circuit layouts
through switches, single rail track circuits find their
broadest application in interlockings and terminals, where
due to the shortness of the track circuits, the propul-
sion drop limitation is not a factor. Here the double rail
system, next described, requiring impedance bonds and in-
sulation joints in both rails, is apt to be very cumbersome.
Under such circumstances, the single rail track circuit has
the important advantages of low first cost, simplicity in ap-
paratus, and economy in power, besides its marked suitability
to interlocking layouts. Practically all detector circuits are
consequently of the single rail type.

In conclusion, it is to be noted that, while satisfactory
broken rail protection is provided by single rail track circuits
used on a single track line (with an isolated continuous re-.
turn rail), where, if either the block rail or the continuous re-
turn rail were to break, the relay would open its contacts,
cqual protection is not afforded where single rail track cir-
cuits are employed on a double or multiple track road where
the continuous rails are all cross bonded together, for in this
latter case if the continuous rail on the track were to break,
the relay on that track circuit might still be picked up with a
train in the block, due to the fact that the break in the con-
tinuous rail would be bridged around by the cross bonding and
the continuousrails on the other track or tracks, as the cace
may be; these remarks also apply of course to a single track
line where the continuous rail is bonded to an elevated struc-
ture or to any other such auxiliary return. ¢
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DOUBLE RAIL TRACK CIRCUITS FOR DIRECT CUR-
RENT ROADS.

1. Description. On account of the limitations of single
rail track circuits previously discussed and to permit of both
rails of a track being utilized for power returns purposes, the
double rail track circuit shown in Fig. 87 was devised. As
above suggested, this involves insulating both rails of abut-
ting track circuits from each other in a signaling sense, and
the novel feature of the double rail track circuit is the so
called impedance bond B installed in the track circuit, as
shown in Fig. 87, to provide a path for the propulsion current
from track circuit to track circuit back to the negative side
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Fig. 87. Elements of the Double Rail Track Circuit.

of the power generator. These are called bonds because they
are low resistance connectors between adjacent track circuits,
and they are impedance bonds because they impede, or choke
back, the flow of A. C. signaling current from one rail to the
other of the same track circuit across which they are
connected.

2. Theory of Impedance Bonds. In principle, the im-
pedance bond consists of a laminated iron core provided with
two heavy copper windings wound in opposite directions and
so connected, as shown at the left of Fig. 87, that the mag-
netizing action of the direct propulsion current in one-half
of the winding is opposite to that of the other half of the
winding, under which circumstances, if there are the same
number of turns and amperes in each winding, the magnetiz-
ing forces will balance or neutralize each other and no mag-
netic flux will flow in the iron core. Now, while the propul-
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sion current divides up in multiple through the oppositely
wound halves of the bond, the A. C. signaling potential
across the rails tends to force an A. C. current through the
two windings in series and not in opposition, so that the full
impedance of both halves of the bond is present to choke back
the flow of signaling current from X to Y across the track. At
first glance thisstatement may not seem to agree with what has
been previously said regarding the balancing action of the
propulsion current,
but this balancing
action results only
from the fact that
the two coils are
wound in opposite
directions, starting
from the outer .rail
terminals X and Y
from which the pro-
pulsion currentsenter
the bond, leaving it
at the middle point
M, known as the
neutral terminal of
the bond. The sig-
naling current, how~
ever, tends to flow
from X to Y, through
both coils, in thesame
direction,as shown at
the right of Fig. 87, Fig. 88. Illustrating Location of Impedance

the direction of the Bondsin the Track. New York
State Rys.

propulsion current
being shown at the ;

left of the same figure; of course, both the propulsion current
and the signaling current flow simultaneously through the
bond windings. Four separate impedance bonds are shown
in Fig. 87—two at each end of the track circuit. Each set of
bonds are jointed across their middle or neutral points M by
a heavy cable known as the neutral connection, which serves
to carry the propulsion current from one track circuit to the
other through the bonds.
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Were it not for their choking effect, the bonds would act
as a short circuit across the track circuit, and indeed at all
times they allow a certain amount of signaling current to leak
from one rail to the other, depending on the A. C. voltage
and the impedance of the bonds between rail terminals. While
the windings necessarily have a very low ohmic resistance to
allow the direct propulsion current to pass easily, the im-
pedance to the A. C. leak across track is generally many hun-
dred times the ohmic resistance, due to the fact that the bond
has an iron core. With a perfect neutralization of the D. C.
magnetizing forces due to the balancing action just described,
the core presents a high permeability to the flux produced by
the A. C. signaling current, which would not be the case if the
core were saturated by the D. C. flux.

3. Unbalancing. With perfect bo'nding of the rails in a
double rail track circuit, the resistance of both complete rail
conductors of the track circuit should be the same, so that the
propulsion current would divide equally between the rails;
then the currents in the two windings of the bond would be
equal and the bond would be perfectly balanced with no D. C.
flux in the core. This ideal condition cannot always be as-
sured, however, because with a loose or broken rail bond any
where in the track circuit the resistance of that side of the re-
turn will be increased and less current will flow in that rail
than in the other, with the result that the magnetizing action
of one-half of the bond will be more than that of the opposing
half, under which circumstances the balance will be upset.
The difference between the direct current in the halves of the
bond is known as the unbalancing current and its action is to
magnetize the iron core; this lowers the permeability of the core,
with a consequent decrease in the impedance to the leakage of
A. C. signaling current through thebond. With a heavy unbal-
ancing current, the core might actually become saturated
with D. C. flux, in which case the impedance of the bond would
be destroyed. To prevent this, most bonds are made with
an air gap in the iron core so that the iron is not apt to be-
come saturated with the direct current flux. By the same
token, of course, the A. C. impedance of the bond is lowered,
due to the high reluctance of the air gaps. Therefore, a bond
with an air gap will allow a greater amount of A. C. signal ng
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current to leak through it than would be the case of a bond
without an air gap in its magnetic circuit; but, whereas the
former allows greater A. C. leakage, it is comparatively free
from the action of unbalancing current, which cannot ke said
of the bond without air gap, whose impedance may ke com-
pletely ruined by a comparatively small amount of unbal-
ancing. Fig. 89 shows the unbalancing curves for a bond
capable of carrying.2000 amperes propulsion current per rail,
the air gap being 5-64 inch; the abscissa (horizontals) show
the D. C. unbalancing in amperes, while the ordinates (ver-
ticals) indicate the amount of 25 cycle signaling current,
which will leak through the bond with voltages as indicated
on the various curves. It will be noted that the impedance
of the bond is
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cing, without a

serious decrease in the impedance; that is, the difference
of the currents in the rails shall not exceed 20 per cent. of
their sum. -

Money is saved at the coal pile when the rail bonding of
an electric road is kept in good condition, for, not only are
losses avoided in the propulsion return, but the wasteful leak-
age of the alternating current through the impedance bonds,
resulting from unbalancing, is eliminated. If the rail bond-
ing becomes so bad that the unbalancing capacity of the
bonds is passed, so much A. C. signaling current leaks through
the bonds that the relay does not receive sufficient current to
keep it picked up, in which case, of course, the signal goes to
danger, even with no train in the block,
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4. Impedance Bond Construction. A good idea of
the actual construction of large capacity impedance bonds
may be secured from Fig. 90, where it will be seen that the
iron laminations are built up into a shell type core around
heavy copper coils composing the winding. The copper is
bare, but adjacent turns are prevented from touching each
other by wooden or fibre strips employed as spacers. The
two terminals projecting to the right at the top are connected

. together in the finished bond to form the neutral point M, in
Fig. 87, while the other two straps projecting at the sides are
the rail terminals shown at X and Y in Fig. 87. The air gap
between the two parts of the iron core, employed to prevent
saturation following unbalancing, is distinctly visible as a

- horizontal white

' line on the front
face of thecore;

of course, there
is a similar air
gap in the back
leg of the core,
as well asin the
middle leg pro-
jecting down
through the coil,
as would be ex~
Fig. 90. Finished Core and Coils 2000 pected with a
Amp. Impedance Bond. symmetrical

shell type con-

struction. This particular bond has a capacity of 1500

amperes per rail. Its ohmic resistance (each half from rail

to neutral point) is 0.00045 ohms, and its impedance to a 60

cycle signaling current is 0.21 ohms, the unbalancing capa-

city being about 700 amperes; on 25 cycles, the impedance
would be in proportion, or 0.088 ohms.

The core, complete with its coils and insulation, is enclosed
in an iron case filled, sometimes with oil, but better, with
petrolatum, a vaseline compound which is not only an ex-
cellent insulator and protects the windings from moisture,
but is a solid which cannot be forced out like oil in case the
bond is flooded with water, as sometimes happens on low
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tracks. Fig. 91 shows two bonds of the Fig. 90 type, enclosed
in their cases,and installed in a track circuit, the neutral con-
nection between bonds being plainly visible at the left as two
heavy copper cables connected in multiple. This type of
bond, having a
continuous

capacity of
about 1500
amperes per
rail, is suitable
for theheaviest
trunk line ser-
vice; for short
intervals it
will, of course,
handle several
times its nor-
mal 1500 am-
pere capacity.
On interurban
lines, the ser-
vice is not so
heavy, and,
consequently,

Fig. 91. Track Layout of Two Heavy Traction
Impedance Bonds.

Fig. 92. Track Layout of Two Interurban Road Impedance Bonds.
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the currents in the rails are less—in most cases normally
not over 500 amperes per rail; here, then, smaller bonds
may be used, as illustrated in Fig. 92.

5. Cross Bonding. Cross bonding between tracks is ef-
fected by connecting the neutral points of the bonds, as at
A, B and C, in Fig. 93. The negative return connection to
a power house, or substation, should always be made from the
neutral point of a bond inserted, if necessary, in a track cir-
cuit, as at E, in Fig. 93; preferably, however, the negative re-
turn should be connected to the neutral point of one of the
bonds at the end of a track circuit, if the location of the power
house will allow of this, as it is undesirable to insert an extra
bond in the midst of a track circuit, not only on account of
the cost of the bond, but particularly because of the extra
leak it constitutes in the track circuit. Short stub sidings,
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Fig. 93. Methods of Cross-Bonding, Insulating and Bonding of Sidings,
and Making Return Connection to Power House.

used merely for car storage purposes, may be insulated as at
D, Fig. 93, for even if their is considerable unbalancing with
a train beyond the insulation joint J on a short siding, the
main line switch would be reversed anyway, opening the sig-
nal control circuit and throwing the signal to danger, regard-
less of the effect of unbalancing on the bonds, and the conse-
quent reduction of voltage on the track relay. Again, if the
fouling point on siding D is close to point C, at the end of the
track circuit on the main line, two joints, instead of one, may
be placed in the siding at fouling point, the return cur-
rent from the rails out of the fouling back of the joints being
carried by a cross bond to neutral point C, both of the rails in
the siding back of the joints in the dead section being bonded
together; with such an arrangement, of course, unbalancing
of the main line track circuit will be avoided. Finally, where
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there is considerable traffic on a long siding, and there is no
main line neutral point C at hand, then a single impedance
bond may be installed, as shown on the spur track F, where
the neutral point of the bond is connected to both dead rails
beyond the insulation joints in the spur.

6. Relays for Double Rail Track Circuits on D. C.
Electric Roads. Vane, galvanometer, or induction motor,
relays (see Chapter IV), are used on double rail track circuits
just as on steam or single rail electric road track circuits; in
order to keep down the leakage of A. C. signaling current
across track through the impedance bonds, however, itis de-
sirable to use a comparatively low A. C. voltage on the track,
and, therefore, relays for double rail track circuits are always
wound for a low voltage, and a proportionately higher current;
otherwise, these relays are exactly the same as the steam road
relays.

7. Transformers, Resistances and Impedances for
Double Rail Track Circuits on D. C. Electric Roads.
Either adjustable filler or constant potential track transform-~
ers (see Chapter VI) may be used, but they must have a
greater capacity than steam road track transformers, because
the electric road transformers must be large enough to supply
the current leaking through the bonds, in addition to that re~
quired for therelay. Due to the fact that there is little or no D.
C. propulsion drop to guard against, as in single rail track cir-
cuits, impedances with iron cores may be used, when required,
between the transformer and the track, to limit the short
circuit current with a train on the track circuit. Either a
simple resistance coil or an impedance may be used between
the transformer and the track, on vane relay track circuits,
because phase relations are of no importance in the case of a
single element relay like the vane; the use of an impedance,
however, is advisable, as it is more economical in power, be-
cause, whereas the drop through the impedance is almost
wattless, the drop through a dead resistance is wasted in heat-
ing. With the galvanometer relay, impedance is generally
required between the transformer and the track to bring the
track current in phase with the current in the local. The in-
duction motor or polyphase relay, on the other hand, gener-
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ally works best with a resistance between the transformer and
the track, because this type of relay is most economical of
power when its track and local currents are in quadrature.
For a description of the various resistances and impedances
in standard use, see Chapter VII; for a full discussion of the
factors governing their selection see Chapter XIII.

8. Characteristics of Double Rail Circuits. As has
been pointed out, single rail track circuits are limited in their
length by D. C. propulsion drop, but no such restriction holds
with double rail circuits; for this reason the double rail cir-
cuit is particularly adapted for heavy electric traction, and
there are many cases where 10,000-ft. end fed, and 25,000-ft.
center fed, double rail circuits are being successfully oper-
ated. Adequate broken rail protection can be insured with
this type of track circuit. Finally, double rail track circuits
are very stable, and not so liable to be affected by variations
in ballast leakage; this stability results because the imped-
ance bonds connected across track are of such low resistance,
as compared with the ballast, that changes in the value of
the latter are not of much influence on the track circuit as a
whole.

9. Standard Bonds and Layouts for D. C. Electric
Roads. At the end of this chapter, a number of plates will be
found, showing the standard bonds used in direct current
propulsion work, together with drawings showing how they
may be set and connected into the track.

TRACK CIRCUITING ON ELECTRIC ROADS USING
A. C. PROPULSION.

1. General Scheme and Relays Used. The character-
istic feature of track circuit apparatus for electric roads using
alternating current propulsion is the track relay. Thus far,
all the alternating current roads in this country employ a pro-
pulsion frequency of 25 cycles. Differentiation between the
propulsion current and the signaling current is secured by
using a higher frequency for signaling than for propulsion;
a 60 cycle current is now generally used for signaling pur-
poses under such circumstances. The track relay must,
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therefore, be immune, not only to direct current (for foreign
currents leaking from adjacent D. C. interurban roads are
not uncommon), but in addition, it must be able to select be-
tween the 25 cycle propulsion current and the 60 cycle sig-
naling current. FEither the Centrifugal Frequency relay or
the Vane Frequency relay, both of which are fully described
in Chapter IV, fulfill these requirements. ?

Fig. 94. Signaling on an A. C. Propulsion Road. New York,
Westchester and Boston R. R.

2. Single Rail Track Circuits on A. C. Propulsion
Roads. On alternating current roads, as well as on steam
roads and lines using direct current propulsion, short single
rail track circuits are used through interlockings for detector
circuit work, and the vane type frequency relay is generally
used for this purpose, because of its exceedingly rapid action.
Here, as in all cases where the single rail scheme is used, the
length of the track circuit is limited by the A. C. propul-
sion drop in the return rail,’and, in laying out the track cir-
cuits, care must be taken so that this drop is not sufficient to
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to cause an injurious heating current to pass through the re-
lays and transformers. ¢

3. Double Rail Track Circuits and Impedance Bonds
for A. C. Propulsion Roads. In all cases where the track
circuits are of considerable length, as in automatic block sig-
nal territory, double rail track circuits are used, and, for this
service, the centrifugal type relay is generally employed, for
reasons of power economy. The impedance bonds for double
rail track circuits, on roads using alternating current pro-
pulsion, employ the same principle of magnetic balancing as
characterizes the bonds for direct current roads, for, althouch
the propulsion current is of an alternating character, still it is
divided up, presumably equal, between the two opposing
windings of the bonds, so that the alternating magneto-motive
forces are equal and oppoesite, and hence neutralize each other.
The iron core of the bond remains, therefore, unmagnetized,
so that it offers a high permeability to the magneto-motive
force generated by the alternating signaling current flowing
through the two coils in series, as prevoiusly explained in con-
nection with the bonds for direct current propulsion.

The principle claim made for the alternating current sys-
tem of propulsion is that it dispenses with rotary converters :
and other auxiliary apparatus required in the direct current
system of propulsion to .translate the alternating current en-
ergy received from the main transmission line to direct cur-
rent for propulsion purposes. Rotary converters are not
suitable for voltages much over 1200 or 1500 volts, and there-
fore, the trolley, or third rail must be of considerable con-
ductivity, because of the heavy current being carried. This
does not apply to the alternating current systems, as trans-
formers can be built nowadays for almost any voltage, so
that 11,000 volts is now generally used for propulsion on A.
C. roads. With such high voltages, the propulsion currents
themselves are very small, and, therefore, the impedance
bonds do not have to carry so much current, and are much
smaller than on D. C. roads. As a matter of fact, the current
per rail on most alternating current propulsion systems gen-~
erally will not run over 75 or 100 amperes per rail nor-
mally, which is only about 5 per cent. of the current used on
heavy traction D. C. systems,
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Impedance bonds for roads using alternating current pro-
pulsion are, therefore, much smaller than would be the case if
direct current were used; as a matter of fact, it is often found
practicable to place two of these small bonds,one above the
other, in the same iron case, which makes thebond layout con-
necting twoadjacent track circuits rather simple. One of these
double bonds, with the two cores and their windings housed
in the same case, is shown in Fig. 98; a novel feature of this
type of bond is that the iron case itself serves as a neutral
connection between the two parts of the bond, the neutral
terminals of both windings being simply bolted to the case.
Hence, in this type of bond, only four terminals project outside
of the case. It will be noted, from Fig. 98, that the copper
winding is wound flat-wise, like an oblong roll of ribbon; the
copper forming each winding is bare, but adjacent turns are
separated from each other by a fibre ribbon wound between
the turns. Of course, the windings themselves are very care-
fully insulated from the iron core.

@
4. Unbalancing. Unbalancing troubles are rare on

roads using alternating current propulsion, not only because
the propulsion currents themselves are small in volume, but
especially because, if more current flows in one-half of the
bond than the other, the half winding carrying the heavier cur-
rent induces a voltage in the weaker half, tending to pull a
larger current through that weaker half. Thus, an auto-
matic action exists, which tends to keep the bond well bal-
anced. For this reason, the bonds are not liable to be unbal-
anced, and no air gap is required in the magnetic circuit to
prevent saturation of the core, which would otherwise occur.

5. Standard Bonds and Layouts for A. C. Electric
Roads. Atthe end of this chapter, a number of plates will be
found showing the standard bonds used on electric roads using
A. C. propulsion, together with drawings showing how the
bonds may be set and connected in the track.
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CHAPTER VI
TRANSFORMERS

1. General. Transformers fulfill the same function in
alternating current signaling systems as do the batteries in
direct current systems; that is, power is drawn from the trans-
formers or batteries for the operation of the track circuits and
signals. Line transformers are those which supply the rela-
tively high voltage, generally 55 or 110 volts, best suited to
the operation of signal motors and slots. Track Transformers,
supplying lower voltages of from 5 to 15 volts, feed the track
circuits. In broad theory and general construction, all trans-
formers, whether line or track, are the same, and the present
chapter will, therefore, be devoted to a description of the
theory and construction of transformers as used in signal
work.

When it is desired to convey power over a transmission line
from a power house to some distant point, the wires ought to
be made as small as possible to save money in copper. At the
same time, the power lost in the transmission must not be
large if the system is to be economical. The power loss in
a transmission line is IR, the square of the current flowingin
the wires multiplied by their total resistance. The electric
transmission of a given amount of power can be made through
the use of a large current at a small voltage, or by a small cur-
rent at a proportionately higher voltage. In the first case,
large and expensive copper wires would have to be used if the
IZR loss is to be kept within reasonable bounds. In the sec-
ond case, comparatively small and inexpensive transmission
wiresmay beemployed. It is therefore necessaryin the inter-
est of economy to use high voltages in the long distance trans-
mission of power. In alternating current signal systems, the
power is generally conveyed at 2200 volts or higher over the
transmission. Of course, it would be out of the question to
utilize such a high voltage directly on signal motors, relays,
and the like, not only because of insulation difficulties, but
especially because of the personal danger element. There-
fore, means must be provided along the line to transform the
power from the high electro-motive force and small current to
a low electro-motive force and proportionately higher current.
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The transformer fulfills this function. It does not generate
power; it merely changes the power from one voltage to
another.

2. Elements. The transformer in its simplest form con-
sists of two separate and distinct coils of wire wound around
the same iron core as shown in Fig. 107. The coil which re-
ceives alternating current at the original voltage from some
outside source is known as the primary coil. The coil which
delivers power from the transformer is known as the second-
ary coil. The transfer of power from the primary to the sec-
ondary takes place through the medium of the magnetic flux
produced in the iron ring
by the alternating cur~
rent flowing in the pri-
mary coil; this flux, being
consequently of an al-
ternating character, ris-
ing, falling, and chang~
ing direction, cuts the
turns of wire composing
the secondary and induces an electro-motive force in the
secondary coil. The voltage induced in the secondary coil
depends on the rate at which the flux lines cut the secon~
dary turns, and can ke calculated once the frequency, total
flux, and number of turns are known.

Fig. 107. Elements of the Transformer.

3. Step-up and Step-down Transformers; Ratio of
Transformation. A step-up transformer is one which re-
ceives power at a low voltage and delivers it at a higher volt-
age; in this case, of course, the primary voltage is lower than
that of the secondary. Step-up transformers are used for ex-
ample, in power houses to transform the low voltage of the
generators up to the high voltage of the transmission. Step-
down transformers receive power at a high voltage and de-
liver it at a low voltage; such transformers are located out
along the transmission line to transform the high transmis-
sion voltage to a low one for feeding track circuits, signals
etc. The ralio of transformation is the ratio of the primary
voltage to the secondary voltage; thus a transformer with a
2200 volt primary and a 110 volt secondary has a 20 to |
ratio. -
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4, No Load. When the secondary of a transformer is on
open circuit, no current is, of course, flowing in that coil,
under which condition the transformerissaid to be operating at
no load. The primary coil receives some current from the
mains, however, and the flux resulting from the magnetizing
action of the primary, rapidly alternating with frequency,
cuts both primary and secondary coils, inducing a voltage in
each of them as a consequence. The voltage induced in the
primary coil is opposite in direction and very nearly equal in
magnitude to the voltage impressed on the primary by the
supplying circuit. In other words, the primary circuit is
highly inductive so that only a little current flows into the
primary from the mains because of this choking action; the
small current which flows is proportional to the difference
between the voltage E; impressed on the primary and the
voltage e;, induced in the primary coil by its own flux.

These relations will be more clearly understood from a study
of the vector diagram (A) at the left of Fig. 108, covering an
ideal transformer—one whoseiron coreis so perfect that no loss-
es are produced
in it, one in 1Ej Eq
which the ohmic
resistance of
both primary